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- NOTICES TO AUTHORS OF PAPERS 


1. All Scientific Communications for the Journal should be addressed to “ The 
Secretaries, Chemical Society, Burlington House, W.1.’’ Papers to be read before a 
meeting of the Society are selected by the Secretaries. 


2. A paper is not northally considered for publication in the Journal unless at least 
one of the authors is a Fellow of the Society, but in exceptional circumstances the Council 
is prepared to consider papers submitted by non-Fellows. 


3. An author must submit with every paper a signed form of declaration that to the 
_ best of his knowledge the paper does not contain any information that contravenes the 
Official Secrets Act. 


4. An author engaged in any Government Department or similar body associated with 
the prosecution of the war must submit with his paper a written declaration from such 
Department or body that he has received authority to submit the paper for consideration 
for publication in the Journal. 


.§. All papers should be submitted in typescript in double-line spacing. Foot- 
notes in papers add considerably to the cost of printing; authors are requested, therefore, 
not to use them unless necessary. 


6. Every paper should be emg by a short summary setting forth briefly and in 
simple language the ebjects of the investigation, the results obtained and their bearing 
on chemical knowledge in general. The summary should be such as to enable any chemist 
to obtain a clear idea of what the investigation has achieved and should normally be from 
50—250 words in length. 


7. If he desires to do so, an author may send with the paper, for consideration by the 
Publication Committee, a confidential report by a Chemist of standing to whom the paper 
has been submitted. 


8. The Publication Committee invites authors who publish series of related papers in 
the Journal to submit, at suitable intervals, papers reviewing their previously published 
work (suspended during the war). » 


9. The Society reserves the right to retain the Manuscript and illustrative drawings 
of all papers sent to it, and authors are therefore advised to keep copies. This right 
is not usually exercised in respect of illustrative drawings. When papers have been accepted 
for publication the authors are not at liberty, save by permission of the Council, to publish 
them elsewhere until such papers have appeared in the Journal of the Saciety. Papers 
which are retained by the Council after being judged unsuitable for publication in the 
Journal are deposited in the Archives of the Society. ; 


10. Communications which have appeared in any other Journal shall not be published 
ra the wo of the Chemical Society unless this course is approved by a special vote of the 
unicil. 
11. The address to which proofs are to be sent should be written on every paper. 


12. Authors resident overseas are requested to name agents in Britain to whom may be 
referred matters concerning their papers, including the correction of proofs, in order that 
delay in publication may be avoided. 


13. Illustrations accompanying the papers must. be carefully drawn, preferably twice 
the size of the finished block (max. width, 44 inches), in Indian ink, on smooth white Bristol 
board or paper. -Any illustration which exceeds four times the size of the finished block 
will.be returned to the author for re-drawing to a smaller scale. ‘ Lettering on the drawings, 
whether on the margin or in the body of the drawing, must not be in ink but must be in- 
serted lightly in blue pencil. Authors may, if they wish, submit in the first place clearly 
drawn pencil sketches instead of the completed diagrams, which, however, must be supplied 
before publication. Further information can be obtained from Dr. C. Smith, Staplefield 
Grange Farm, Haywards Heath, Sussex. 


14. If any Author requires more than the number of reprints (without wrappers) 

_ allowed by the Society, namely, 10 plus 10 extra for each author in excess of one, or pind 
to receive his reprints in wrappers and is willing to pay the extra cost thereby involved, 
he should inform Dr. Smith at the time he sends in the corrected proof. Extra copies will 
be supplied at rates which can be obtained from the Editor. 
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74. The Crystal Structure of trans-trans-Methyl Fumarate and trans-trans- 
Methyl Muconate._ - 


By (Miss) I. Knaccs and~(Mrs.) KATHLEEN LONSDALE. 


The two esters have been examined by X-ray (including “ diffuse-spot ”’) photégraphic methods and found 
to crystallise in the triclinic system, with one molecule per unit cell in each case. The structures are very 
similar, the centrosymmetrical molecules being nearly, if not quite, plane, and arranged parallel, or nearly 
parallel, to (100), in chains whose length is near the long diagonal of that crystal plane. The general structure 
has been confirmed by optical observations on the muconate (which is positively birefringent) and by detailed 
measurements of the magnetic anisotropies of both compounds. The latter are typical of relatively long-chain 
conjugated molecules. 


TuE esters named in the title are those of the first two members of a series of polyenedicarboxylic acids of 
general formula CO,H-[(CH:CH)],-CO,H of which the known acids are those in which » = l, 2, 3, 4, 5, or 7 
(Kuhn, Angew.-Chem., 1937, 50, 703). Both esters crystallise in the triclinic system, and for their description 
the simplest unit cells which show their crystallographic similarity have been chosen. 


EXPERIMENTAL. 


trans-trans-Methyl Fumarate, C,H,O,.—The crystal class is triclinic pinacoidal, the space-group PI(C;1), and there 
is one centrosymmetrical molecule ‘fn a unit cell of dimensions : 


a = 3-92 a. a = 101° 47’ Gyoq = 3°22 a. 
b = 9-24 _ B = 112° 49’ ° do10 => 8-06 A. 
c = 5-93 a. y = 109° 20’ doo, = 5-05 A. ’ 


The observed density is 1-37 g./c.c. + 

Most of the crystals (grown from solution in ethyl alcohol and chloroform) are flat tabular on {010} with smaller 
{100} and {001} planes. One batch of crystals showed in addition {205}. The crystals are colourless, very soft, and 
bend easily parallel to {100}. 

X-Ray examination by ordinary rotation and moving-film (Weissenberg) peoeemr. using Cu-Ka radiation, 
showed the (100) planes to be the strongest reflectors, and the falling off of intensity with angle for the higher orders 
to be approximately normal. These two observations lead to the conclusion that the molecules lie in or nearly in the 
(100) planes. Moreover, the spacing dj, is 3-22 a., which is reasonable for a layer lattice parallel to (100). The next 
strongest reflecting planes are (101), (020), and (001). 

The measurement of the magnetic properties, which is sometimes difficult for triclinic crystals, was simplified by 
the parallelism of the molecules to one crystal face. A quick examination showed at once that there was a principal 
direction of (numerically maximum) diamagnetic susceptibility normal to the (100) plane, and the orientation of the 
remaining principal susceptibilities was readily found by suspending the crystals with (100) horizontal in the magnetic 
field (Krishnan’s second method). The absolute value of the:numerically minimum susceptibility was determined b 
the Rabi-Krishnan method, an appropriate mixture of strontium bromide and nickel chloride solutions being used. 
The following results ( x 10-*) were obtained : 

(Measured) xs—x2 = — 17-45, xs—x, = — 31-0, = — 13-5, xy = — 

Whence, x, = — 70-9, x, = — 88:4, x = — 72-2 (cf. —69-9 calculated from Pascal’s additive constants). 

Xs is normal to.(100). The measured angle x,:c in the obtuse angle a is 30°. The direction of x, is therefore 
approximately along the trace of the (012) plane in (100), and this, according to the usual interpretation of such results, 
must be near to the direction of maximum length of the molecule. 


Fic. 1. Fic. 2. 
trans-trans-Methyl fumarate : projection on (100). trans-trans-Methyl muconate : projection on (100). 


Xe 
e 
trans-trans-Methyl Muconate, C,H,O,—Again the crystal class is triclinic pinacoidal, the space group PI(C;,%), 
and there is one centrosymmetrical ‘molecule in the unit cell of dimensions } ; 


a = 100° 39” = 3°18 A. 
bb =11-71a. B= 87°50 dare = 620 A. 
+ 5:82 a. y = 146°2" = 5-59 a. - 
EE 


nN x; x, 
/ 
£ =a 
‘ / : 
N ¥ | 
<e | 
~ 


Jones: The Halogenation of Phenolic Ethers and Anilides. 


The observed density 2%” is 1-33 g./c.c. 

The crystals are soft, colourless, and are mostly prismatic parallel to the c-axis, the {010} and {110} planes being 
most developed, with smaller {100} planes. The prisms are terminated by {001} and smaller {012} planes. 

As with the fumarate, the X-ray reflections from the (100) planes were the strongest, the intensities for higher 
orders again falling off approxitnately normally with increase in reflecting angle, with the exception of the fifth 
order, which was considerably greater. This fact was observed accidentally : the fifth order for copper radiation could 
not appear on the film, since 2459) for Cu-Ka >180°; however, a photograph taken on Muller and Clay’s 50 K.W. 
X-ray tube (J. Inst. Elect. Eng., 1939, 84, 261) with a copper target, which had become contaminated by tungsten 
sputtering, showed a 500 reflection due to tungsten Lg radiation. From these observations it is evident that there is 
an approximation to a layer lattice in which most of the atoms are in or nearly in the (100) planes and that some atom 
or atoms are lying close to the (500) planes. The next strongest reflections are from the planes (011), (011), and (111). 
In all, more than 200 different reflections were observed from five crystal zones. 

Again, the directions of the principal magnetic susceptibilities were easily determined, since x, is normal to (100), 
the layer plane. The following results were obtained for 10-* x, etc. : 

(Measured) xs—x2 = — 26-6, xs—x1 = — 42-2, = — 157, x, = — 67-0. 

Whence x, = — 82-6, x, = — 109-2, X = — 86-6 (cf. —82-7, as calculated from Pascal’s additive constants). 

The measured angle x, : c in the obtuse angle a is 39°. Some crystals were sufficiently well formed for observation 
of the optical properties to be carried out. The birefringence is positive, a < B < y, the obtuse bisectrix a being 
normal to (100); the angle f : c is 30° in the obtuse angle a, and the directions of y and x, differ by only 9°. 


Discussion of Structure —Although not isomorphous in the generally accepted crystallographic sense of 
the word, methyl fumarate and muconate are clearly very similar in structure. They both have centro- 
symmetrical, nearly plane molecules arranged parallel or nearly parallel to the (100) crystal planes. On the 

+ other hand, the positive birefringence shows that the muconate is essentially a chain structure, and this has 
been confirmed by Laue photographs, which show the elongated type of diffuse spot characteristic of such 
structures (cf. Lonsdale, Robertson, and Woodward, Proc. Roy. Soc., 1941, A, 178, 43), as well as the one 
very intense elliptical diffuse spot, for the (100) plane, which is always associated with the layer plane of a 
layer-type structure (Lonsdale, ibid., 1941, A, 177, 272; Lonsdale and Smith, ibid., 1941, A, 179, 8). It is 
evident, therefore, that the muconate can be regarded as a chain structure, in that the length of the molecule, 
which must be very near to the direction of y and x,, is approximately along the long diagonal of the (100) 
plane, one molecule linking up with the next by relatively strong hydroxyl bonds. The length of the shorter 
fumarate molecule is nearer to the trace of the (012) plane in (100) and the chain of molecules is more of a 
zigzag, but the parallelism of the magnetic data is convincing evidence of the fundamental similarity of the 
two structures. 

That the maximum diamagnetic susceptibility y, and the minimum optical polarisability « are normal to 
the molecular plane in each case is a further example of the fact that such conjugated compounds behave 
magnetically and optically like aromatic molecules even when the chain is open and comparatively straight 
(Lonsdale, ibid., 1939, A, 171, 541; J., 1938, 364). 

It is clear that for molecules containing an open conjugated chain Pascal’s constants do not give an 
accurate value of the mean susceptibility unless an additional allowance is made for the large diamagnetism 
normal to such a chain. / 

The forces between atoms in successive (100) planes are of the weaker, van der Waals type, thus permitting 
the larger amplitudes of atomic vibration normal to those planes, which account for the very intense diffuse 
spot found, even on a Weissenberg photograph, as a background to the normal 100 Bragg reflection. 


It is desired to express very special thanks to Dr. FE. H. Farmer and Prof. Lowenbein for supplying pure specimens 
of the substances for this investigation. Grateful acknowledgment is made of the debt owed to the late Sir William 
Bragg and to the Managers of the Royal Institution for the facilities enjoyed in the Davy Faraday Laboratory. 
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75... The Halogenation of Phenolic Ethers and Anilides. PartsXII. Some 
Arrhenius Activation Energies. 


By Brynmor Jones. 


A kinetic study is described of the nuclear chlorination at temperatures between 15° and 35° of 21 ethers 
of the type p-OR-C,H,X, where R is generally a simple alkyl or substituted benzyl group and X is either F, 
Cl, COPh, O-COPh, or NO,. -Analysis of the results on the basis of the equation k = PZe~*/R? confirms the 
original conclusion that changes in the velocity of chlorination resulting from modifications in OR and X are 
due to changes in the energy of activation, which, in the ethers studied, varies from 9,850 to 14,650 cals. 


It has been demonstrated that in the chlorination of a number of phenolic ethers the P term of the expression 
k = PZe-#/R7 is approximately constant, and consequently the observed regularities in the relative influence 
of substituent groups on nuclear reactivity find their simplest explanation on the assumption that the groups 
contribute characteristic quota to the activation energy (J., 1928, 1006, 3073; 1931, 2907). Since the range 
of ethers to which this conclusion may be applied has been greatly extended (J., 1935, 1831, 1835; 1936, 
1854; 1938, 1414; 1941; 267; Trans. Faraday Soc., 1941, 37, 726), it is necessary to strengthen the 
experimental evidence for the essential constancy of P throughout. ’ 

, The present, measurements are of ethers of the simple type p-OR-C,H,X, examples being selected to cover 
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as wide a range of speeds and activation energies as possible. To increase precision, measurements have been 
_ made in many cases at 5° intervals over the range 15—35°, representing the practical limits imposed by the 
freezing of the medium on the one hand and the loss of chlorine to the vapour phase on the other. 
The velocity coefficients, the energies of activation, and the values of log PZ are summarised in the 
following table. The rate constants were calculated from the usual expressions for a bimolecular reaction, 
the time being in mins. and the concentrations in g.-mols./l. 


CHMe, F * 7-10 9-50 12-5 16-6 
Me O-COPh 5-50 7-40 _— 13-25 
CHMe, - a 3-80 5-15- 6-92 9-48 
Et Cl 1-66 2-33 = 4:27 
C;Hy, COP 1-83 2-56 — 4-76 
COPh 1-73 2-40 3-17 4-43 
t CO-C,H,Cl(p) 1-16 1-60 am 3-00 
CH,Ph F 1-07 1-48 2-03 — 
Me Cl 0-844 1-20 1-64 2-28 
CH,Ph cl 0-557 0-786 1-51 deme 
CH,’C,H,Cl (p) F 0-613 0-850 ome 1-63 
CH,°C,H,Cl (p) Cl 0-322 0-467 0-646 0-902 
F on 0-300 0-590 
(m) Cl 0-182 —e 0-365 
CH,°C,H,NO, (p) Cl 0-157 0-225 0-321 
CH,°CO,Et Cl 0-048 
CH,°CO,H cl 0-049 
CH,*CO,Me Cl 0-031 0-046 ome 0-094 
CHMe, NO, ones 0-0141 0-031 
Et NO, 0-0059 
Me NO, 0-00287 


against 1/T, a straight line being obtained in all cases. From these values of E and the velocity coefficients 
at 20°, values of log PZ were calculated,as usual. It is clear from the figure that when logy, (10°) for 


POP Seee 


The values of E were obtained by plotting log k 
Velocity coefficients for the chlorination of ethers of the type p-OR°C,H,X in 99% acetic acid. 
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9,850 8-34 
10,100 8-45 
10,500 8-55 
10,800 8-43 
10,900 8-55 
10,950 8-56 
11,050 8-45 
11,050 8-42 
11,350 8:55 
11,400 8-41 
11,450 8-47 = 
11,900 8-55 

11,950 8-40 
12,300 8-44 
12,400 8-45 
12,850 8-28 
12,950 8-36 
13,000 8-37 
13,800 8-45 
14,350 8-48 
14,650 8-40 


Os +0 rs 


each ether is plotted against E all the points fall on or very near to a line of slope —2-303RT, the intercept of 
which on the log & axis when E = 0 gives a value for log PZ of 8-46. This result confirms the original 


conclusion set:out above. 


35 


EXPERIMENTAL. 
Materials —The majority of the ethers stalli j for earlier igation: 
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p-chloropheny] isopropyl ether, b. p. 101°/17 mm.; and p-fluorophenyl isopropyl ether, b. p. 73°/18 mm.) were prepared 
from carefully purified p-chlorophenol and p-fiuorophenol, considerable head and tail fractions being neglected in each 
case. p-Chlorophenoxyacetic acid and its methyl and ethyl esters were obtained by standard methods, and after 
repeated crystallisations had m. p.’s 156°, 39°, and 50°, respectively. The acetic acid was purified by distillation from 
chromic anhydride and acetic anhydride as described by Orton and Bradfield (f., 1927, 983). 

Measurements.—The procedure for the measurements at 15° and 20° was the same as that employed for those at 
20° in earlier parts of this series, three 10-c.c. titres only being withdrawn from 100-c.c. of reaction mixture in which 
the molecular proportions of ether : chlorine : hydrochloric acid were in most cases 3:1:1-5. In the measurements at 25°, 
30°, and 35° a slight modification in this procedure was introduced because of the greater loss of chlorine from the 
reaction mixture as titres were withdrawn. Three flasks, each of 25 c.c. capacity, were used for each velocity deter- 
mination and one portion only was removed for titration from each flask. The pipettes used were stored in a jacket 
in the thermostat, and a microburette graduated in 0-02 c.c. was employed for the titrations. Owing to the extensive 
number of measurements, the original large batch of purified acetic acid became exhausted, and in order to avoid 
possible errors due to a slight variation in the water content of the old and the new stock, all measurements on any 
one ether were done with the same batch of acid. 


The author is indebted to the Chemical Society for a grant. 


THE UNIVERSITY, SHEFFIELD. : [Received, April 20th, 1942.) 


76. The Associating Effect of the Hydrogen Atom. Part X. The N-H-N Bond. 
The Constitution of the Benztriazoles. 


‘By Tuomas G. HEAFIELD and Louis HunTER. 


On the evidence of cryoscopic.measurement of molecular weight in naphthalene solution, benztriazoles 
possessing a free imino-hydrogen atom are shown to be strongly associated. Substitution of aryl or acyl groups 
for the imino-hydrogen atom completely checks association. Benztriazoles of the former type are therefore 
assigned a hydrogen-bond structure (N—-H-N) in which any of the three nitrogen atoms can act as an electron 
donor. Correlation between this behaviour and the tautomeric character of the benztriazoles is made. 


THE tautomeric character of the pyrazoles (Hayes and Hunter, J., 1941, 1) and the iminazoles (Hunter and 
Marriott, ibid., p. 777) having been connected with their hydrogen-bond structure, it was expected that a 
similar cause might account for the tautomerism of the benztriazoles. The virtual tautomerism of these 
compounds is now accepted (Ingold and Piggott, J., 1923, 123, 1469), for the equivalence of the 5- and the 
6-position (see I) has been established by chemical means (Griess, Ber., 1882, 15, 1878; Zincke and Helmert, 
Annalen, 1896, 291, 313). ‘ , 


N 
7 
nft nF 
(I.) (II.) (III.) (IV.) 

- Analogy with the diazoamino-compounds might suggest that the tautomeric hydrogen atom of the 
benztriazoles would reside alternately on the 1- and the 3-nitrogen atom (see I); but consideration of their 
structural formula shows that the latter compounds possess wider tautomeric possibilities than the former 
owing to the additional possibility that the benz-nucleus could assume an o-quinonoid structure, thus allowing 
the mobile hydrogen atom to be attached to any of the three nitrogen atoms (II => III == IV).* That 
all these tautomers contribute to the structure of the benztriazoles is indicated by the work of Krollpfeiffer 

et al. (Annalen, 1935, 515, 113; Ber., 1938, 71, 596), who show that alkylation results in the simultaneous 
formation of 1-, 2-, and 3-alkyl derivatives. It is probable, however, that the tautomer (III) makes only a 
small contribution to the structure, since both chemically and physically (idem, ibid.; v. Auwers, Ber., 1938, 
71, 604) the parent benztriazoles resemble their 1 (or 3)- much more closely than their 2-alkyl derivatives. 
By measurement of molecular weight of a number of bénztriazoles in naphthalene solution over a range of 
concentration, these compounds are shown to fall into two distinct classes (see figure). Those possessing an 
unsubstituted imino-hydrogen atom are highly associated, the factor of association increasing rapidly with 
rising concentration; but those in which the imino-hydrogen atom is replaced (whether in the 1-, 2-, or 
3-position) by aryl or acyl groups are substantially unimolecular over the same concentration range. These 
results are interpreted, as in previous parts of this series, as indicating molecular association through N—-H-N 
bonds in all, those compounds possessing an unsubstituted imino-group. The association being regarded as 
@ resonance phenomenon, the unperturbed structures contributing to. the polymer hybrid will possess 
properties hitherto attributed to the separate tautomers. Such a mechanism will satisfactorily explain the 
molecular association of the benztriazoles on the one hand, and their tautomeric character on the other 
(Hunter, Chem. and Ind., 1941, 60, 32). 
We therefore suggest that the association of the benztriazoles possessing a free imino-hydrogen atom is 
the result of hydrogen bonds linking the 1- and the 3-nitrogen atoms in separate molecules (a mechanism we 


* In spite of theyuncertain location of the hydrogen atom, it is convention] to numiber the benztriazole nucleus (I) 
as though the imino-group were fixed in a position adjacent tb , : 


the benzene nucleus. : P 
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shall denote as ‘‘ 1 : 3-association ’’), with a lesser contribution from polymers linked by hydrogen bonds 
involving the 1- and the 2-nitrogen atoms in separate molecules (‘‘ 1 : 2-association ’’), a system which has 
been shown to prevail in the pyrazole and indazole series (Hayes and Hunter, Joc. cit.). There seems to be 
no valid reason why 1: 2- and 1 : 3-association should not occur simultaneously within the same polymer. 
The type of polymer cannot be deduced from the measurements; chain polymers seem most probable, 
although it is noteworthy that almost strainless models of a cyclic dimer involving 1 : 2-association, and a 


N tin N N N N 


(V.) 
cyclic trimer involving 1 : 3-association, can be constructed. A chain polymer containing x + 2 molecules 
involved in 1 : 3-association is illustrated in (V), in which (a) and (6) are unperturbed structures of the 
resonance hybrid. . 


3-0 


10 


7 2 3 4 5 6 
Concentration (g.-mols.« 10°Y100g. of solution). 
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The sharp distinction between benztriazoles according to whether their imino-group is substituted or not 
extends to other physical properties besides association. For example, those of unsubstituted type, although 
sparingly soluble in hydrocarbon solvents, are invariably soluble in water, a property attributable to the 
formation of a hydrogen bond with the oxygen atom of the solvent water. The difference in solubility of 
the two classes in hydrocarbons is well illustrated by a comparison between «f-naphthatriazole, which was 
too sparingly soluble in naphthalene for molecular-weight measurement, and its 2-phenyl derivative, or even 
1-phenylbenztriazole, both of which are readily soluble in naphthalene in spite of having considerably higher 
molecular weights. Moreover, in the few cases in which boiling points are recorded, the replacement of the 
imino-hydrogen atom in the benztriazoles results in a very great reduction in boiling point in spite of the 
tise in molecular weight; melting point is similarly affected. These properties are all taken as an indication 
of the readiness of the imino-hydrogen atom to take part in hydrogen-bond formation. <= ; 

The above elucidation of the structure of the benztriazoles will provide some explanation of the physical — 
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and chemical behaviour of closely allied compounds. For instance, in certain other tautomeric cyclic 
nitrogenous systems in which unexpectedly large reductions in b. p. and m. p. are caused by replacing the 
imino-hydrogen atom (as in 1: 2: 3- and 1: 2: 4-triazoles, and in tetrazoles), their tautomeric character is 
probably attributable to molecular association by N-H-N bonds. * Further, the abnormal physical properties 
of hydrazoic acid (Audrieth, Chem. Reviews, 1934, 15, 180) and its associated character (Hantzsch, Ber., 1933, 
66, 1349) are almost certainly indications of a hydrogen-bond structure. 


EXPERIMENTAL. 


The solvent naphthalene was the specially purified product for cryoscopic use obtained from the British Drug 
Houses. The following new compound was prepared. 

4 : 6-Dimethylbenztriazole—Noelting and Thesmar (Ber., 1902, 35, 636) described but did not characterise a white 
precipitate formed by the action of sodium nitrite on an acetic acid solution of m-xylylene-4 : 5-diamine. This diamine 
(1 mol.), in a slight excess of dilute sulphuric acid, was treated with aqueous sodium nitrite (1 mol.) until excess of 
nitrous acid was indicated by starch—potassium iodide paper. The black tar which separated was dried in a vacuum 
desiccator, and distilled under (b. p. 200°/ca. 16 mm.). The yellow distillate solidified in the receiver, 
and crystallised from xylene as buff micro-crystals, m. p. 183°, of the monohydrate (Found: C, 59-0; H, 6-4; N, 25-0; 
loss on heating, 10-0. C,H,N;,H,O requires C, 58-2; H, 6-7; N, 25-4; H,O, 109%). The anhydrous triazole had 
m. p. 190°. 

Eutenche the following table concentrations are expressed as g.-mols. x 10-*/100 g. of solution, the formula 
weights appearing in parentheses; M is the apparent molecular weight deduced according to the ideal-solution laws; 
and the association factor (a) is calculated as the ratio of M to the formula weight. The cryoscopic solvent is 
naphthalene. For reasons explained in previous parts of this series, conclusions as to molecular association are based, 
not on the absolute values of a, but on the slope of the association—concentration curves. 


Concn. ~ M. a. Concn. M. a. 
Benztriazole (119) 0-81 172 1-44 1-Acetylbenztriazole (161) 0-54 154-5 0-96 
(Curve 3) 159 182° 1-53 (Curve 8) ‘ 160 158 0-98 
2-33 211 1-77 2-80 160 0-99 
3-47 245 2-06 3-70 164 1-02 
462 283 2-32 1-Benzoylbenztriazole (223) 0-73 220 0-99 
6-08 319 (Curve 9) 118 224 1-00 
5-Methylbenztriazole (133) 1-13 180 1-36 158 218 0-98 
(Curve 2) 1-93 217 1-63 ‘ 2-24 220 0-99 
3-70 285 2-14 1-Acetyl-5-methylbenztriazole (175) 0-44 171 0-98 
5-00 333 2-50 (Curve 7) 1-08 173-5 0-99 
6-95 394 82-96 - 1-61 174 1-00 
4 : 6-Dimethylbenztriazole (147) 0-36 167 1-14 2-22 175 1-00 
(Curve 1) 0-91 197 1-34 2-92 176 1-01 
1-72* 266 1-81 3-54 178 1-01 
5-Chlorobenztriazole (153-5) 1-00 193 1-26 2-p-Tolyl-5-methylbenztriazole (223) 0-80 222 1-00 
(Curve 4) 1:70 208 1-36. . (Curve 5) 1-12 226 1-01 
‘2-77 246 1-61 1-45 222 1-00 
4-12* 292 1-90 1:95 226 1-02 
1-Phenylbenztriazole (195) 0-73 192 0-99 2-Phenyl-af-naphthatriazole (245) 0-49 228 = 0-96 
(Curve 6) 1-85 192-5 0-99 (Curve 10) 0-89 239 8 0-98 
3-10 8201 1-03 1-15 238 0-97 
5-34 206 1-06 1:75 246 1-00 
2-48 237 0:97 


* Solute separates at higher concentrations. 


Grateful acknowledgment is made to the Chemical Society for a grant from the Research Fund, to the Leicestershire 
Education Committee for a maintenance grant (to T. G. H.), and to Imperial Chemical Industries, Ltd., for gifts of 
chemicals. 
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77. A Synthesis of Ethyl 1-Methylpyrrolidine-2-acetate. 
By F. E. Kine, J. W. CLIFTON, and H. T. OPENsHAWw. 


Ethyl 1-methylpyrrolidine-2-acetate (homohygrinate) (I, R = Et) has been synthesised by the condensation 
of y-phenoxybutaldehyde with malonic acid, and conversion of the resulting e-phenoxy-A*-hexenoic acid (VIII) 
into Be-dibromo-n-hexoic acid (IX), from which homohygrinic acid was obtained by ring closure with methy]l- 
amine. The product of the action of sodium on the ester (I, R = Et), when submitted to “ ketonic ’’ hydrolysis, 
gave a base, of which the dipicrate (II, R = CO,Et) was-not identical with the dipicrate of cuskhygrine. 


HomouyeGrinic acid (I, R = H) is a degradation product of cuskhygrine (Hess and Fink, Ber., 1920, 58, 781; 
Winterstein and Trier, “‘ Die Allloide,”” 2nd Ed., Berlin, 1931). Its ethyl ester (I, R = Et), synthesised by 
H,—CH, H; 
(I.) CH, CH-CH,CO,R H, CH-CH,CO-CHR‘CH CH, (II.) 
Sohl and Shriniér (J. Amer. Chem. Soc., 1933, 55, 3828) via the pyrroleacetic ester from N-methylpyrrole and 
ethyl diazoacetate, was required for the synthesis of bis-1-methyl-2-pyrrolidylmethyl ketone (II, R = H), 
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which probably represents the constitution of cuskhygrine (Sohl and Shriner, Joc. cit.). Our earlier experi- 
ments were based on a scheme requiring the dibromo-acid Br-[CH,],-CBr(CO,H)-CH,°CO,H. Ethyl e-phen- 
oxypentane-aBB-tricarboxylate (III), derived from y-phenoxypropy] bromide and ethyl sodioethanetricarboxylate, 
was hydrolysed with aqueous-alcoholic potash, and decarboxylation gave e-phenoxypentane-a-dicarboxylic 


(IIL) PhO-[CH,]g°C(CO,Et) (IV.) 


acid (IV). Replacement of the phenoxy-group by bromine was effected with boiling hydrobromic acid, but 
the action of bromine on the resulting e-bromopentane-af-dicarboxylic acid (V) failed to give any recognisable 
new product. 
Although it is known that potassium hypobromite converts methylsuccindiamide into §-amino-n-butyric 
acid (VII, R = Me) (Weidel and Roithner, Monatsh., 1896, 17, 185), the degradation, by alkaline hypobromite, 
of e-phenoxypentane-aB-dicarboxyimide (V1), obtained by pyrolysis of the diammonium salt, failed to give what 


PhO-[CH,],°CH—C R-CH:NH PhO-[CH,],CH 
(VI.) (VII.) (VIII.) 


might have been the useful intermediate (VII, R = PhO-[CH,]s). There was isolated, however, e-phenoxy- 
A*-hexenoic acid (VIII), which was later synthesised in yields of 30—35% by the condensation of y-phenoxy- 
butaldehyde with malonic acid. The necessary aldehyde was prepared from y-phenoxybutyronitrile by the 
action of stannous chloride in ethereal hydrogen chloride under special conditions (King, L’Ecuyer, and 
Openshaw, J., 1936, 535). The acid (VIII), dissolved in acetic acid and heated with hydrobromic acid, gave 
Be-dibromo-n-hexoic acid, Br-[CH,],-CHBr-CH,°CO,H (IX) Heating with excess of methyl-alcoholic methyl- 
amine closed the pyrrolidine ring, giving 1-methylpyrrolidine-2-acetic acid (I, R = H), which was isolated 
as the ethyl ester, identified by the picrate (Hess and Fink, Joc. cit.) as ethyl homohygrinate. 

Hess and Bappert (Amnalen, 1925, 441, 150) failed to synthesise the ketone (II, R = H) from ethyl 


_homohygrinate by the Claisen reaction with sodium ethoxide. We treated the synthetic ester. with sodium 


(cf. Willstatter’s synthesis of tropinone; Amnalen, 1921, 422, 15) in toluene-ether; when the product had 
been heated in 50% sulphuric acid, a basic oil was obtained which gave a crystalline dipicrate, m. p. 155—157° 
(decomp.). This is not identical with cuskhygrine dipicrate, C,,H,,ON,,2C,H,O,N;, m. p. 215° (Hess and 
Fink, loc. cit.), and the possibility suggested by analysis, that it is an alcoholate, C,,H,,0,,N,,EtOH, is 
excluded by the thermal stability of the derivative. The analysis figures agree very satisfactorily with those 


required by the dipicrate of the intermediate (II, R = CO,Et) and it is thus apparent that the action of the 
mineral acid had failed to hydrolyse the keto-ester. . 


EXPERIMENTAL. 


Ethyl «-Phenoxypentane-aBp-tricarboxylate. (III).—A solution of sodium (15 g.) in alcohol (230 c.c.) was refluxed 
with ethyl ethanetricarboxylate (162 g.) and y-phenox ropy! bromide (142 g.) until neutral (ca. 5 hours), filtered, 
and evaporated, and the residue washed, dried, and distilled. The yield of triethyl ester, b. p. 203—205°/1 mm., was 
65% (Found Cc, 63-4; H, 7-4. requires 63-1; H, 74%). 

e-Phenoxypentane-aBf-tricarboxylic Acid.—The triethyl ester (79 g.) was refluxed in aqueous potassium hydroxide 
(106 g. in 90 c.c.) and alcohol (40 c.c.) for 30—40 minutes, and the liquid diluted with water (200 c.c.), concentrated 
to remove alcohol, and acidified with hydrochloric acid. The oily tricarboxylic acid (65 g.) was extracted with ether, 
and obtained in minute needles, m. p. 132—134° with loss of carbon dioxide, by solution in the minimum amount of 
ethyl acetate and wwe with chloroform; in higher-boiling solvents, e.g., water and xylene, decarboxylation 
56-3; H, 5-5. Cj,H,,0, requires Cc, 56-7; H, 5-4%). 

«-Phenoxypentane-aB-dicarboxylic Acid (1V).—The tribasic acid was heated for a few minutes at 150°. The residue 
crystallised from boiling water in colourless rectangular leaflets, m. p. 153° (Found: C, 61°8; H, 6-2. C,,H,,0, 
requires C, 61-9; H, 64%). A dibromo-derivative was prepared by addition of bromine (14—15 g.) to a chloroform 
solution (25 c.c.) of the acid (6 g.) containing red phosphorus (0-5 g.). After being refluxed, the solution was treated 
with water, and the dried chloroform layer evaporated. The residue solidified in contact with benzene; m. p. 145—146° 
after recrystallisation from xylene (Found : Br, 38-7. C,,H,,O,Br, requires Br, 39-0%). 

«-Bromopentane-aB-dicarboxylic Acid (V).—The phenoxy-acid (6 g.) was heated with hydrobromic acid (40 c.c., 
@ 1-7) for 1 hour at 120—130°. The solution was diluted with water (40 c.c.) and repeatedly extracted with ether, 
and the dried ethereal extract evaporated. Phenol present in the residue was removed during recrystallisation from 
benzene-light petroleum. The bromodicarboxylic acid had m. p. 91—92°, and was soluble in water and common organic 
solvents except go vegren (Found: C, 35-4; H, 4-4; Br, 33-2. C,H,,0,Br requires C, 35-2; H, 4-6; Br, 33-4%). 

A solution of the acid (3 g.) in chloroform (14 c.c.) containing red phosphorus (0-3 g.) was treated with bromine 

(7-5 g.) and heated on a steam-bath for 3} hours. On shaking with water and then light petroleum, a precipitate was 
obtained, crystalling from xylene as a colourless solid, m. p. 91—92°, or ca. 85° when mixed with the original acid 
(Found : Br, 36-1%). The same product was isolated from a bromination under similar conditions in tetrachloroethane 
solution. A large excess of bromine in the absence of solvent at 150° for 20 hours gave a solid crystallising from 
aqueous acetic acid; it contained 64-8% of bromine, but could not be purified (m. p. 122—132°). 
(VI).—Ammonia was passed into a solution of the phenoxy-dicarboxylic acid 
in a small volume of alcohol, and the precipitated ammonium salt collected. The product, m. p. ca. 170°, was heated 
at 200°; when the evolution of gas had practitally ceased, the pressure was reduced, and the temperature maintained 
at 190—200° for a further 20—30 minutes. The imide (yield, 80%) crystallised from water in leaflets, m.~p: 85—86° 
{Found : N, C,,;H,,O,N requires N, 6-0%). 

Degradation of <-Phenoxypentane-aB-dicar xyimide (V1).—The imide (6 g.) was dissolved by prolonged shaking in 
sodium hypobromite solution pre from bromine (4-5 g.) and ice-cold 10% aqueous sodium hydroxide (85 Cc). 
The liquid was then slowly heated, maintained for 2 hours at 60°, and acidified to rm he with hydrochloric acid. 
Precipitated phenoxypentanedicarboxylic acid was removed, and the solution evaporated to dryness under diminished 
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ower From the, brown uncrystallisable residue, impure e-phenoxy-A*-hexenoic acid, m. p. 77—80°, was ultimately 
isolated. 

y-Phenoxybutaldehyde.—Dry ether (80 c.c.) containing anhydrous stannous chloride (17 g.) was saturated at 0° with 
hydrogen chloride, and to the clear liquid (see King, L’Ecuyer, and Openshaw, Joc. cit.) y-phenoxybutyronitrile (10 g.) 
(Marvel and Tanenbaum, J. Amer. Chem. Soc., 1922, 44, 2645) was added. Two layers formed, but as no solid 
separated, the mixture was refluxed for 6 hours, cooled to 0°, and resaturated with hydrogen chloride. The stanni- 
chloride dissolved when shaken with ether (25 c.c.) and water (80 c.c.) containing a trace of quinol. From the ethereal 
layer, y-phenoxybutaldehyde (8 g.) was isolated as a nearly colourless oil that slowly became turbid from polymerisation, 
The semicarbazone, a microcrystalline powder from benzene, had m. p. 118° (Found: C, 59-9; H, 6-8. C,,H,,0,N, 
requires C, 59-7; H, 6-8%). 

e-Phenoxy-A*-hexenoic Acid (VIII).—To a cold solution of malonic acid (17 g.) and freshly prepared phenoxybut- 
aldehyde (8 g.) in pyridine (25 c.c.), piperidine (1-5 c.c.) was cautiously added, and the solution kept at room temperature 
for 3—4 hours. Following 6 hours’ heating on a steam-bath, the liquid was acidified with 5% sulphuric acid, and the 
sticky precipitate washed and shaken with aqueous sodium carbonate. The filtered alkaline solution on acidification 
gave e-phenoxy-A*-hexenoic acid Which, extracted (Soxhlet) with and crystallised from light petroleum, gave plates, 
m. p. 86° (Found: C, 69-5; H, 6-7. C,,.H,,O; requires C, 69-9; H, 6-8%) (yield, 30—35%). 

Be-Dibromo-n-hexoic Acid (IX).—A solution of the phenoxyhexenoic acid (11 g.) in acetic acid (50c.c.) and hydrobromic 
acid (100 c.c., d 1-7) containing red phosphorus (0-5 g.) was refluxed in carbon dioxide for 2} hours and poured into 
water. The precipitated reddish oil was extracted with chloroform, dried, and distilled, giving phenol and a principal 
fraction (11-2 g., 76%), b. p. 150—155°/1 mm., redistillisation of which gave a colourless oil, b. p. 154°/1 mm., con- 
sisting largely of the dibromo-acid (Found: C, 37-2: H, 3-6; Br, 57-3. C,H, ,O,Br, requires C, 26-3; H, 3-6; Br, 


58°4%). 

Hk 1-Methylpyrrolidine-2-acetate (I, R = Et).—A solution of the dibromohexoic acid (11-2 g.) and anhydrous 
methylamine (10 g.) in methyl alcohol (16 c.c.) was heated in three sealed tubes at 100° for 4 hours and at 110° for} 
hour. The semi-solid product remaining after evaporation of the golden-yellow liquid under diminished pressure was 
dried overnight in a vacuum desiccator and refluxed for 5 hours with ethyl-alcoholic hydrogen chloride (50.g. of 15%). 
The alcohol was evaporated, water (10 c.c.) added, the solution basified with cold aqueous sodium hydroxide, and ethyl 
1-methylpyrrolidine-2-acetate (2-25 g.; 33%) quickly extracted with ether and distilled (Found: C, 62-6; H, 10-0; N, 8-4. 
Calc. for C,H,,0,N: C, 63-2; N, 9-9; N, 82%). Cold saturated alcoholic picric acid gave a bright yellow picrate with 
the recorded m. p. 113° (Hess and Fink, Joc. cit.) (Found: N, 14-2. Calc.: N, vad 

The pyrrolidine ester (1-8 g.), dissolved in anhydrous ether (3 c.c.), was added to pulverised sodium (0-25 g.) in 
toluene (3 c.c.); the sodium dissolved in 5 minutes. Ice-water was added and the aqueous solution and the washings 
of the toluene—ether layer were acidified (4-5 g. of sulphuric acid in 5 c.c. of water), heated on a steam-bath for 1 hour, 
cooled, and basified with solid sodium hydroxide. The precipitated yellow oil was extracted with ether and treated 
with alcoholic picric acid, and the gummy solid dissolved in boiling alcohol—acetone. Resinous solid which separated 
on cooling was removed, and the solution concentrated. The resulting precipitate crystallised from alcohol—acetone 
in clusters of bright yellow tablets, m. p. 155—157° (decomp.) [Found : ‘C, 44-6, 44-8; H, 5-0, 5-0; N, 15-4. Ethyl 
B-keto-ay-di-(1-methyl-2-pyrrolidyl) butyrate dipicrate, requires C, 44:5; 45; N, 14-9%). 
C,,;H,,ON,,2C,H,O,N;,C,H,OH requires C, 44-5; H, 5-0; N, 15-4%, but no loss in weight could be detected on heating 
to 120° in a vacuum]. 


Dyson PERRINS LABORATORY, OXFORD. [Received, September 5th, 1941.] 


? 78. The Synthesis of 2-Methylpyrrolizidine. 
cm By G. R. Cremo and T. A. MELROSE. 
2-Methylpyrrolizidine (IV) has been, synthesised as follows : 


(I.) (II.) (III.) (IV.) ; ne (V.) 


It does not correspond with the product prepared by Menschikoff from 2-isobutylpyrrolidine. Attempts to 
prepare 1-methylpyrrolizidine have been unsuccessful. A new derivative of 3-methylpyrrole is described. 


THE work of Menschikoff and others has shown heliotridane to be a methylpyrrolizidine. Adams and Rogers 
(J. Amer. Chem. Soc., 1941, 68, 228) have demonstrated conclusively that it is 1-methylpyrrolizidine, although 
they have not effected a direct synthesis of the base. A synthesis is claimed by Menschikoff (Bull. Acad. 
Sci. U.R.S.S., 1937, 1035), by the drastic cyclisation of 1-bromo-2-sec.-butylpyrrolidine with concentrated 
sulphuric acid, but the amount of base obtained was insufficient for its complete characterisation. He has 
also described a synthesis of 2-methylpyrrolizidine (Ber., 1936, 69, 1802).in much better yield by a similar 
cyclisation of 1-bromo-2-isobutylpyrrolidine. 

A 2-methylpyrrolizidine structure has been suggested for solanidine (Clemo, Morgan, and Raper, J., 1931, 
1299). The synthesis of the 1- and the 2-methyl base by unambiguous methods is thus of considerable 
interest and this has now been accomplished in the case of the 2-methyl compound. 

. A likely route to the l-methyl compound, from 3-keto-4 : 5-dihydrodi(1 : 2)pyrrole (V) and methyl- 
magnesium iodide, failed, since the Grignard reaction gave only a clear resin-like gum. With methyl iodide 
and zinc wool or sodamide, however, the ketone (V) yielded a crystalline condensationproduct formed by 
elimination of a molecule of water from two molecules of the ketone. 
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Hydrogen and platinum oxide or palladised charcoal were without effect on the ketone (V), and stronger 
reducing agents, e.g., sodium and alcohol, were too drastic: Reduction with sodium amalgam gave a pinacol. 

3-Keto-4 : 5-dihydrodi(1 : 2)pyrrole was first prepared by Clemo and Ramage (J., 1931, 53) by a Hoesch 
reaction on 1-8-cyanoethylpyrrole. It has now been found possible to hydrolyse the intermediate imino- 
compound directly with dilute alkali, giving double the yield. 

The preparation of 2-methylpyrrolizidine from ethyl 4-methylpyrrolidine-2-acetate (VI) and ethyl bromo- 
acetate could not be tested because of the inaccessibility of 3-methylpyrrole and its derivatives. 


H, CH-CH,-CO,Et H, CH-CH,CO,Et ~ H, CH,-CO,Et CH,-CO,Et 
\a “hes 
(VI.) (VIL.) (VIII.) (IX.) 


An alternative route, viz., reduction of ethyl 3-keto-4-methylpyrrolidine-2-acetate (VII), prepared by 
cyclisation of carbethoxymethyl-$-carbethoxy-n-propylamine (VIII), failed because, although ring-closure 
took place readily enough, enolisation and oxidation followed, yielding ethyl 3-hydroxy-4-methylpyrrole-2- 
acetate (IX). 

Condensation of urea with methyl methacrylate (cf. Fischer, Ber., 1901, 34, 3751) led to 5-methyl-4 : 5- 
dihydrouracil (X)—the conditions now described give a greatly improved yield—which on hydrolysis to 
p-carbethoxy-n-propylamine (XI) and subsequent condensation with ethyl bromoacetate gave (VIII). Attempts 
to prepare carbethoxymethyl-f-carbomethoxypropylamine (XII) by condensing methyl B-bromoisobutyrate and 


glycine ester gave only sufficient product to make a picrate. ‘ 
¢H,—CHMe-CO Me-CH-CO,Et Me-CH-CO,Me 
NH—CO——NH H,-NH, CH,NH-CH,'CO,Et 
(X.) (XII.) 


2-Methylpyrrolizidine was finally prepared by the route indicated in the summary. Ethyl pyrrole-2- 
acetate was reduced to the corresponding pyrrolidine, and this condensed with ethyl bromoacetate to give 
ethyl pyrrolidine-1 : 2-diacetate (I). The Dieckmann condensation of the latter, followed by hydrolysis and 
decarboxylation, gave 2-ketopyrrolizidine (II), which yielded the carbinol (III) with methylmagnesium 
iodide. This was treated with phosphorus pentachloride to give the dehydro-base, which was reduced cata- 
lytically to 2-methylpyrrolizidine (IV):. The dehydro-base gives a good picrolonate and an indefinite picrate, 
whereas the reverse is the case with the reduced base. 

The strong base’so obtained gave a picrate, m. p. 169—170°. Free bases of this type are usually difficult 
to analyse correctly and this base is exceptionally so, the carbon values invariably coming low. The 
2-methylpyrrolizidine described by Menschikoff (Joc. cit.) gave a picrate, m. p. 182—184°. It may be that 
these two bases are stereoisomers, as two racemic forms are possible. 


EXPERIMENTAL, 


3-Keto-4 : 5-dihydrodi(1 : 2)pyrrole—Dry hydrogen chloride was passed for 45 minutes through f-1-pyrrylpropiono- 
nitrile (1 g.) in dry ether (10 c.c.) and anhydrous zinc chloride (0-25 g.). After 12 hours, the ether was decanted and 
a solution of the iminohydrochloride in water made just alkaline (potassium carbonate), warmed for } hour on the 
water-bath, and cooled. The product extracted by chloroform crystalliséd from light petroleum (b. p. 40—60°) in 
very pale yellow needles (0-5 g.), m. p. . : ° 

Reaction of Zinc and Methyl Iodide with the Ketone (V).—The ketone (0-2 g.), zinc wool (0-03 g.), and excess of methyl 
iodide were heated in a sealed tube in the water-bath until the mixture began to darken (1 hour). Ice was added, and 
the solution acidified with hydrochloric acid and basified (potassium carbonate). The product extracted by chloroform 
was extracted once with light petroleum (b. p. 40—60°) to remove unchanged ketone and crystallised from acetone or 
methyl alcohol, giving fine yellow needles (0-1 g.), m. p. 209° (Found: C, 75-2; H, 5-1; N, 12-8; M (Rast), 199. 
C,,H,,ON, requires C, 75-0; H, 5-3; N, 12-56%; M, 224]. 

Reduction of the Ketone (V).—The ketone (0-2 g.) in water was warmed on the water-bath, and sodium amalgam 
(10 g., 4%) added during 3 hours, acetic acid being added from time to time to prevent the mixture from becoming 
alkaline. The colourless solution was decanted and extracted with chloroform, which removed the oe age this 
separated from alcohol in almost colourless crystals, m. p. 183—184° (Found: C, 68-9; H, 6-5. C,,H,,O,N, requires 


‘oO 

Methyl B-Bromoisobutyrate.— hydrogen bromide was passed, through a solution of methyl methacrylate (10 g.) 
in glacial acetic-acid ( 10 cc.) weg Pa ten of iodine, cooled in ice, until the weight had increased by 8g. The solution 
was kept overnight, shaken with water, and extracted with ether, which removed the ester, a pleasant smelling colourless 
liquid (16-3 g.), b. p. 63—65°/15 mm., or 75°/22 mm. (Found : Br, 44-8. C,H,O,Br requires Br, a 

5-Methyl-4 : 5-dihydrowracil (cf. Fischer, loc. cit.)—Methyl methacrylate (10 g.), methyl alcohol (12 c.c.), and urea 
(9 g.) were heated in a sealed tube at 130—135° for 24 hours. The solvent was removed, and the residue extracted 
and from ethyl alcohol. Yield 7-5 g., m. p. 260°. 

B-Carbethoxy-n-propylamine.—5-Methy]l-4 : 5-dihydrouracil (1 g.) was heated with concentrated hydrochloric acid 
(8 c.c.) in a sealed tube for 12 hours at 120°, and the liquid then evaporated. The residue was repeatedly evaporated 
with absolute alcohol to remove all water. It was then kept overnight with excess of alcoholic hydrogen chloride and 
refluxed for 2 hours,,the alcohol removed, and the residue made into a paste with ice-cold saturated potassium carbonate 
solution and extracted with ether, which removed a coloufless, strongly basic liquid Says g.), b. aD peg /1 mm., or 
71°/13 mm. (Found: C, 54-2; H, 9-5. C,H,,0,N requires C, 54-9; H,.9-9%). The picrate m. p. 108—109° 
(Found : C, 39-9; H, 46. C,H,,0,N,C,H,O,N, requires C, 40-0; H, 4-4%). ; 

Carbethoxymethyl-B-carbethoxy-n-propylamine.—f-Carbethoxy-n-propylamine (1-5 g.), ethyl chloroacetate (1-4 g.), 
alcohol (10 c.c.), and excess of sodium acetate were heated on the water-bath for 1 hour, the sodium acetate removed, 
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and the filtrate acidified (hydrochloric acid) and taken rapidly to dryness. The residue was dissolved in a little water, 
basified (potassium carbonate), and extracted with ether, which removed a colourless liquid (1-1 g.), b. p: 110°/1 mm, 
(Found : C, 55-3; H, 8-1. C,9H,0,N requires C, 55-3; H, 8-7%). The picrolonate had m. p. 137—138° (Found: €, 
49-8; H, 5-8. requires 49-9; H, 56%). 

Ethyl 3-Hydroxy-4-methylpyrvole-2-acetate—The above diester (1 g.) was heated with potassium (0-3 g.) in toluene 
(5 c.c.) on the water-bath for 3 hours, alcohol added to destroy the excess of potassium, the solvents removed under 
reduced pressure, and the residue made very faintly acid (hydrochloric acid, 1 : 1), then alkaline with solid potassium 
carbonate, and extracted with ether. The ether was removed at room temperature in a vacuum; the residue solidified 
and crystallised from light petroleum (b. p. 40—60°) in pale yellow needles (0-2 g.), m. p. 85° (Found: C, 56-7; H, 
6-6; N, 8-5. C,H,,0O,N requires C, 56-8; H, 6-5; N, 8-3%). The compound (IX) is very sensitive to acids and heat, 
soluble in sodium hydroxide solution, and gives a purple colour with p-dimethylaminobenzaldehyde and hydrochloric 
acid on warming. . 

The p-pitrobenzoyl derivative was prepared from the above pyrrole (0-1 g.) and p-nitrobenzoyl chloride (0-1 g.) in 
ether over anhydrous potassium carbonate; after 12 hours the solid was removed, the ether evaporated, and a solution 
of the residue in warm alcohol treated with water until precipitation began. The derivative, recrystallised from light 
Rsexy. (b. p. 40—80°), had m. p. 152° (Found: C, 56-5; H, 4:6; N, 8-9.. C,;H,,O,N, requires C, 56-6; H, 4-4; 

, 88%). 

Ethyl Pyrrolidine-2-acetate—A solution of ethyl Lape pate pr (5-3 g.) in alcohol (5 c.c.) and glacial acetic acid 
(10 c.c.) was shaken for 24 hours with platinum oxide (0-1 g.) and charcoal (0-1 g.) in presence of hydrogen at 100 lb./ 
sq. in. A further 0-1 g. of platinum oxide was then added, and shaking continued for another 24 hours. The liquid 
was filtered, and the solvents removed on the water-bath under reduced pressure. The residue was shaken with a few 
c.c. of dilute hydrochloric acid, and extracted with ether to remove unchanged pyrrole ester. The aqueous solution 
was evaporated, and the residue basified (saturated potassium carbonate solution) and extracted with ether, which 
removed a colourless liquid (2-8 g.), b. p. 110°/27 mm. (Found: C, 60-7; H, 9-1. C,H,,O,N requires C, 61-1; H, 
955%). The picronolate had m. p. 146° (Found: C, 51-0; H, 5-8. C,H,,0,N,C,)H,O,N, requires C, 51-3; H, 5-5%). 

Ethyl Pyrvolidine-1 : 2-diacetate——Ethyl pyrrolidine-2-acetate (1-4 g.), ethyl bromoacetate (2 g.), and anhydrous 
potassium carbonate (2-5 g.) were heated on the water-bath, for 4 hours, water added, and the ester (1-7 g.) extracted 
with ether; b. p. 125°/1 mm. (Found: C, 59-5; H, 8-5. C,,H,,0,N requires C, 59-3; H, 8-5%). 

2-Ketopyrrolizidine.—The ester (1-3 g.) was added to potassium (0-6 g.) under xylene (5 c.c.), with initial cooling 
and with final heating on the water-bath for 3 hours. After destruction of the excess of potassium with alcohol, water 
(1 c.c.) was added, followed by concentrated hydrochloric acid (10 c.c.). The solution was heated for 18 hours on the 
water-bath and evaporated to dryness, and the residue basified (saturated potassium carbonate solution), extracted, 
dried, and distilled, giving a colourless liquid (0-35 g.), which rapidly darkened in the air, b. p. 78°/1 mm. The 
picrolonate had m. p. 212—213° (Found : C, 52-4; H, 5-0. C,H,,ON,C,,H,O,N, requires C, 52-4; H, 4-9%). 

2-Hydvoxy-2-methylpyrrolizidine.—The Grignard reagent prepared from magnesium (0-3 g.) and excess of methyl 
iodide was redissolved in ether (5 c.c.), cooled in ice, and the above ketone (0-3 g.) in ether (1-5 c.c.) added slowly with 
shaking. A white solid formed and redissolved. After remaining at room temperature for 12 hours, the solution was. 
decomposed with ice, acidified with dilute hydrochloric acid, and basified with sodium hydroxide solution, and the base 
distilled in steam. The distillate was acidified (hydrochloric acid) and evaporated to dtyness, and the residue basified 
(saturated potassium carbonate solution) and extracted with ether, which removed 0-2 § of a colourless liquid, b. p. 
554) mm. The picrolonate had m. p. 198° (Found: C, 53-4; H, 5-7. C,H,,ON,C,,H,O,N, requires C, 53-5; H, 
+ 

Dehydro-2-hydroxy-2-methylpyrrolizidine.—An ice-cold solution of the carbinol (0-15 .) in chloroform (2 c.c.) was 
treated with phosphorus pentachloride (0-5 g.) in five separate lots and then refluxed for 15 minutes on the water-bath. 
A fragment of ice was added, the chloroform removed in steam, 10N-sodium hydroxide added, and the mixture distilled 
in steam until the distillate was no longer alkaline to litmus. The distillate was acidified with hydrochloric agid and 
evaporated, and the residue basified (50% potassium hydroxide solution) and extracted with ether, which removed a 
colourless, mobile, strongly basic oil (0-05 g.). The picrolonate crystallised from alcohol in deep yellow prisms, m. Pp. *. 
169—170° (Found: C, 55-8; H, 5-4. C,H,,N,C,oH,O,N, requires C, 55-5; H, 5-9%). 

| 2-Methylpyrrolizidine.—A solution of dehydro-base (0-05 g.) in glacial acetic acid (5 c.c.) was shaken with platinum 
oxide (0-05 g.) in hydrogen at 100 Ib./sq. in. for 24 hours; more catalyst (0-025 g.) was then added, and shaking continued 
for 3 hours. The solution was filtered, and evaporated to dryness after addition of concentrated hydrochloric acid (3 
drops). The residue was basified (50% potassium hydroxide solution), and the base extracted with ether, dried 
(potassium carbonate and potassium hydroxide), and distilled, giving a colourless, mobile, very strongly basic liquid 
(0-05 g.), b. p. 62°/25 mm. (Found: C, 74:7; H, 11-7. Calc. for C,H,,N: C, 76-8; H, 12-0%). The picrate 
separated from alcohol in elongated, bright yellow prisms, m. p. 169—170° (Found : C, 47-6; H, 5-1. C,H,,;N,6,H30,N; 
requires C, 47-5; H, 5-1%). 


One of us (T. A. M.) thanks the Council of King’s College for a postgraduate scholarship. 
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79. Antiplasmodial Action and Chemical Constitution. Part VI. Compounds 
related to Lepidylamine. 


By Tuomas S. Work. 


The aim of this investigation was the preparation of polyamines containing the lepidylamine nucleus for 
test as antimalarials. Polyamines have been synthesised containing the diethylaminoisoamyl side chain of 
plasmochin attached to the lepidylamine nucleus and to 6-chloro- and 6-methoxy-lepidylamine. Reduction of 
amidodichlorides be Frog sequen chloride in ethereal hydrogen chloride (Work, following paper) is a valuable 


preparative method for the syntheses of substituted lepidylamines from cinchoninamides. 
Sulphanilyl derivatives of the afore-mentioned lepidylamines have also been prepared. 


In Part IV (Work, J., 1940, 1315) the conclusion was reached that, for the exhibition of antiplasmodial action 
in polyamines, the presence of the quinoline nucleus was of major importance. A series of bases of the 
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type (I) has therefore been prepared, allied to compounds of type (II) reported by Magidson and Rubtzow 
(J. Gen. Chem., U.S.S.R., 1937, 17, 1896) to be active. 


CH,-NH-[CH,],"NEt, NH-[CH,],"NEt, 


a-Diethylamino-3-aminopentane, present in plasmochin and atebrin and reported by Fulton (Amn. Trop. 
Med. Parasit., 1940, 34, 53) to have slight antiplasmodial activity, was considered the most desirable type 
of side chain to introduce into bases of type (I). 

a-Diethylamino-$-aminopentane was condensed with benzaldehyde, salicylaldehyde, anisaldehyde and 
m-nitrobenzaldehyde; the azomethine, obtained in good yield, was readily reduced to the desired amine 
with either palladium—charcoal or palladised strontium carbonate catalyst. In the case of the nitro-compound 
simultaneous reduction to the amino-group took place. Similarly quinoline-4-aldehyde (kindly supplied by 
Prof. Clemo) condensed with a-diethylamino-3-aminopentane at room temperature to give an oily azomethine 
which was readily reduced to a-diethylamino-3-amyl-lepidylamine (V). Quinoline-4-aldehyde is not, how- 
ever, very readily prepared (Clemo and Hoggarth, J., 1939, 1242; cf. Kaplan, J. Amer. Chem. Soc., 1941, 68, 
2654) and substituted quinoline-4-aldehydes are unknown, so an easier route to the desired quinolinepolyamines 
was sought, and found in the reduction of the cinchoninamide of «-diethylamino-8-aminopentane (III) to 


the base (V) by the action of stannous chloride on the amidodichloride (IV), a new type of reaction which is 
discussed elsewhere (Work, /oc. cit.). 


CO-NH-CHMe‘[CH,],"NEt, 


N’ ‘N 
(III.) (IV.) (V.) 

This Treaction provided an easy route for the subsequent analogous syntheses of a-diethylamino-3-amyl- 
6-methoxylepidylamine and 6-Chlorolepidylamine was synthes- 
ised from 5-chloroisatin, which was converted into 6-chlorocinchoninic acid by condensation with pyruvic 
acid, followed by partial decarboxylation of the resulting 6-chloroquinoline-2 : 4-dicarboxylic acid (cf. Renshaw 
and Friedman, J. Amer, Chem. Soc., 1939, 61, 3320). 6-Chlorocinchoninic acid was converted into the amide, 
which was readily dehydrated in 77% yield by boiling with phosphoric oxide in nitrobenzene, a procedure 
found to be much more satisfactory in this case and also in the preparation of 4-cyanoquinoline and 6-methoxy-. 
4-cyanoquinoline, than the thionyl chloride method described by Wojahn (Arch. Pharm., 1936, 274, 83). 

Attempts to prepare dialkylaminoalkylaminolepidines by the condensation of diethylamino-w-chlorohexane 
with lepidylamine were unsuccessful. . 

The observation that derivatives of sulphanilamide or diaminodiphenylsulphone have some action on 
experimental malaria (Coggeshall; J. Exp. Med., 1940, 71, 13) and on human malaria (Coggeshall, Maier, and 
Best, J. Amer. Med. Assoc., 1941, 117, 1077) suggested the preparation of sulphonamide derivatives of 
lepidylamine for trial on bird malaria. Condensation of acetylsulphanilyl chloride with lepidylamine and its 
6-chloro- and 6-methoxy-derivatives proceeded without difficulty and the N*acetylsulphonamides were 
hydrolysed by alkali to the corresponding aminosulphonamides. , 


CH,-NH, CHyNH-SO,_NHAc CHyNH-SO< NF, 


None of the polyamines containing the quinoline nucleus and none of the sulphonamides showed any 


activity against Plasmodium relictum in canaries. The sulphonamides were highly toxic and are being tested 
against other organisms. 


‘EXPERIMENTAL. 


a-Diethylamino-8-amylbenzylamine.—When fhe initial reaction between benzaldehyde (2-1 g-) and diethyl-3-amino- 
amylamine (3-1 g.) had subsided, the product was heated for 2 minutes on the steam-bath, dissolved in absolute 
alcohol (50 c.c.), and reduced with a palladium-charcoal catalyst. Alcohol was removed, and the product distilled ; 
the fraction (3-06 g.), b. p. 184—188°/25 mm., had b. p. 187—189°/25 mm. on redistillation (Found: C, 76-6; H, 11-2; 
N, 11-9. C,,H,,N, requires C, 77-4; H, 11-3; N, 11-9%). 

a-Diethylamino-b-amyl-p-methoxybenzylamine, obtained from anisaldehyde (2-72 g.) and diethyl-5-aminoamylamine 
by procedure, ‘had b. p. 218°/17 mm. (4-73 g.) (Found: C, 73-0; H, 10-6, requires C, 

“4; H, 10-8%). 

(2-5 g.), similarly obtained (m-nitrobenzaldehyde, 3-02 g.; diethyl- 
s-aminoatnylamine, 3-16 g.; hydrogen consumed, 2910 c.c.), had b. p. 184—186°/25 mm. (Found: C, 72-8; H, 10-8. 
C,,H,,O, requires 73-0; H, 11-0%). 

(0-43 g.) was added to diethyl-8-aminoamylamine 
(0-43 g.), and the mixture warmed to complete the reaction. The azomethine was redgced in the usual way, and the 
sily product purified as the dipicrate, which crystallised from alcohol in needles, m. p. 147—148° (Found: C, 49-0; H, 
50; N, 17-0. requires C, 49-2; H, 4-7; N, 16-7%). 

Method II. Cinchoninic acid (2 g.) was converted by thionyl chloride into the acid chloride hydrochloride, which 
was powdered and added slowly to a solution of diethyl-8-aminoamylamine (6-0 g.) in chloroform (100 c.c.). The 
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solution was warmed for a few minutes on the water-bath, washed with water, and dried, and the chloroform and 
the excess of diethyl-5-aminoamylamine removed, the latter in a vacuum. The residual viscous amide was dissolved 
in dry chloroform (25 c.c.), and phosphorus pentachloride (5 g.) added. Chloroform and phosphorus oxychloride were 
removed and the selid residue was powdered and added to a solution prepared by passing dry hydrogen chloride into 
a suspension of anhydrous stannous chloride (10 g.) in ether (100 c.c.) until the chloride dissolved and formed a clear 
lower layer. After 24 hours’ shaking, the ether was decanted, and the semi-crystailine sludge dissolved in water, 
washed with ether, and mixed with a considerable excess of 50% sodium hydroxide solution. Ether then extracted an 
oil (2-73 g.), which was distilled, giving (1) 1-3 g., b.p. 180—200°/1 mm., and (2) 0-8 g., b. p. 200—220°/1 mm. = Fraction 
(1) gave a dipicrate, m. p. 145—146°, identical with that described above. c 

Cinchoninonitrile—Phosphoric oxide (2-0 g.) was added to a boiling solution of cinchoninamide (2-0 g.) in nitro. 
benzene (15 c.c.). - After refluxing for 5 minutes, the solution was poured into water, the residual gum dissolved in hot 
water and added to the main bulk, sodium hydroxide added in excess, and the nitrobenzene separated and washed. 
The alkaline solution was extracted with chloroform, the extract added to the nitrobenzene, the chloroform evaporated, 
and the nitrobenzene diluted with petrol and extracted with 2Nn-hydrochloric acid. The acid solution was washed with 

trol, made alkaline, and extracted with chloroform, which removed almost pure cinchoninonitrile; after crystal- 
isation from petrol the yield was 78%. 

Lepidylamine.—This was obtained in almost quantitative yield by reducing 4-cyanoquinoline (2-0 g.) in a mixture 
of methanol (60 c.c.), N-hydrochloric acid (60 c.c.), and platinic oxide (0-05 g.) (cf. Rabe, Ber., 1913, 46, 1025). 

N1-Lepidylsulphanilamide.—Acetylsulphanilyl chloride (2-2 g.) was added to hot acetone—water (1:1; 50 cc.) 
containing lepidylamine (1-58 g.) and sodium bicarbonate (0-9 g.), maintained at 68° for } hour, and cooled. The 
crystalline product (2-45 g.), recrystallised from alcohol—water, formed long needles, m. p. 134—136°, and 185—190° ~ 
after drying at 120°. N*-Acetyl-N}-lepidylsulphanilamide (1-0 g.) was refluxed in 10%, sodium hydroxide solution 
(10 c.c.) for 1 hour, and N!-lepidylsulphanilamide (0-68 g.) isolated from the acidified solution by means of sodium 
bicarbonate ; crystallised from methanol, it melted at 194° (Found: C, 61-4; H, 4-7; N, 13-4. C,,H,,0,N,S requires 
C, 61-4; H, 4-8; N, 13-4%). ’ 

Quininamide.—A solution of methyl quininate (45 g., prepared by the same procedure as methyl 6-chlorocinchoninate; 
see below) in methyl alcohol (280 c.c.) saturated with ammonia was kept for 48 hours at 37° and then concentrated. 
The quininamide (35 g.) obtained crystallised from ethyl acetate in small hard prisms and from alcohol—water in long 
needles, both m. p. 210—212° (Found: C, 65-5; H, 4-8. Calc. for C,,H,,O,N,: C, 65-3; H, 49%). Hirsch (Monaitsh., 
1896, 17, 331) gives m. p. 197° (from ethyl acetate). : 

Quininonitrile—Quininamide (5 g.) in boiling nitrobenzene (50 c.c.) was treated with phosphoric oxide (7-5 g.), 
added during 5 mins. After 15 mins.’ boiling, the nitrile was. isolated (see cinchoninonitrile) and crystallised from 
alcohol—water; m. p. 155°. Kaufmann and Peyer (Ber., 1912, 45, 1807) give m. p. 157°. ee 

6-Methoxylepidylamine.—A solution of quininonitrile (4-0 g.) in absolute alcohol (700 c.c.) and N-hydrochloric acid 
(120 c.c.) was readily reduced with platinic oxide as catalyst. The catalyst was removed, and the solution of dihydro- 
chloride concentrated to a gum, which crystallised on trituration with alcohol. The product, recrystallised from 
alcohol—water, had m. p. 255—256° (cf. D.R.-P. 279,193); yield, almost quantitative. The base, obtained from the 
dih a by continuous extraction with ether from sodium carbonate solution, was a colourless oil turning 
violet in air. - 

N‘-Acetyl-N1-(6-methoxylepidyl)sulphanilamide (2-2 g.), obtained from acetylsulphanilyl chloride (2-2 g.) and 6-meth- 
oxylepidylamine (1-88 g.) by the procedure already described and recrystallised from acetone, had m. p. 215° (Found: 
C, 59-0; H, 4-7; N, 10-5. C,,H,,0,N,S requires C, 59-2; H, 4-9; N, 10-9%). . : 

N1-(6-Methoxylepidyl)sulphanilamide, prepared by refluxing the preceding acetyl derivative with 2N-sodium hydroxide 
for 45 minutes, and isolated by adding sodium bicarbonate to the acidified solution, was crystallised from acetone; 
m. p. 194° (Found : C, 59-4; H, 4-9. C,,H,,O,N,S requires C, 59-5; H, 4-9%). i 

_a-Diethylamino-3-amyl-6-methoxylepidylamine.—Quininic acid (2 g.) was converted by thionyl chloride into the 
acid chloride hydrochloride. The subsequent procedure was that Scacritied for the preparation of a-diethylamino- 
5-amyl-lepidylamine (quantities used : diethyl-8-aminoamylamine, 6 g., in chloroform, 100 c.c.; resulting gum, 3-7 g., 
in chloroform, 25 c.c.; phosphorus pentachloride, 4-4 g.; anhydrous stannous chloride, 10 g., in ethereal hydrogen 
chloride, 100 c.c.; 48 hours’ shaking with gas beads). The gum obtained from the sludge was distilled at 1-0 mm., 
fraction (1), b. p. 200—210°, and (2) b. p. 210—212°, Fraction (2) gave a tripicrate, m. p. 87—88°, from alcohol (1-36 
g.)- Fraction (1) gave, after some manipulation, a less pure sample (0-85 g.) of the same picrate (Found: C, 44-0; 

, 4:4; 15-6. requires C, 44-8; H, 4-0; N, 16-3%). : 

6-Diethylaminohexanol.—Hexamethylene chlorohydrin (64 g.) (Bennett and Turner, J., 1938, 814) and diethylamine 
(140 g.) were heated in a sealed bottle at 100° for 16 hours. The excess of diethylamine was recovered, the residue 
diluted with ether, diethylamine hydrochloride collected, and the ether removed. The resulting oil, distilled at 2 mm., 
was wey into three fractions boiling at (a) 83° (2-5 g.), (b) 83—93° (5-0 g.), and (c) 93—100° (52-4 g.). Fraction (¢) 
redistilled at 2 mm. mainly at 96—99° (47-4 g.) (Found : C, 69-2; H, 13-2. C,9H,,ON requires C, 69-4; H, 13-3%). 

Diethylamino-w-chlorohexane.—Diethylaminohexanol (10-5 g.) in dry chloroform (50 c.c.) was run slowly into thionyl 
chloride (45 g.) in chloroform (50 c.c.) at 0°. After 1} hours chloroform and the excess of thionyl chloride were removed 
under reduced pressure, and alcohol (5 c.c.) added. The product was.diluted with ether, washed with sodium carbonate 


and water, and distilled, giving a fraction (5-76 g.), b. p. 118—120°/19 mm. (Found: C, 62-3; H, 11-6. C,H,,NCl 
requires C, 62-6; H, 11-5%). 


5-Chloroisatin.—This was prepared from p-chloroaniline by a process similar to that described in Organic Syntheses 


(Coll. Vol. I, 321; cf. Sandmeyer, Helv. Chim. Acta, 1919, 2, 238) for the preparation of isatim. A large excess of sodium 
sulphate in the initial condensation between p-chlorvaniline, chloral hydrate, and hydroxylamine was essential. The 
resulting p-chloroisonitrosoacetanilide was converted into the isatin by addition to concentrated sulphuric acid at 90—95°, 
and the temperature was raised to 105° for 10 minutes to complete the reaction (yield, 55-g. from 64 g. of p-chloroaniline). 
6-Chloroquinoline-2 : 4-dicarboxylic Acid.—5-Chloroisatin (134 g.) was dissolved in hot 33% aqueous potassium 
hydroxide (1085 c.c.), and pyruvic acid (114 g.) added (cooling in tap-water).. After 48 hours at 37° the mixture was 
cooled, and the potassium salt collected, washed with a little ice-cold 33% potassium hydroxide solution and with 
absolute alcohol, and dissolved in water. The 6-chloroquinoline-2 : 4-dicarboxylic acid was precipitated with hydrochloric 
acid, redissolved in bicarbonate, and reprecipitated by acid; m. p. about 250° (decomp.) (Found: C, 49-3; H, 3-0; 
N, 4-9. C,,H,O,NCI,H,O requires C, 49-0; H, 3-0; N, 5-2%), ‘ 
6-Chlorocinchoninic Acid.—A suspension of 6-chloroquinoline-2 : 4-dicarboxylic acid (15-5 g.) in dry nitrobenzene 
(100 c.c.) was boiled for 20 minutes and cooled. The crystalline product (12-25 g.) was very slightly soluble in all 
organic solvent:, but could be recrystallised from nitrobenzene; m. p. 302° (Found: C, 57-9; H, 3-1. CygH,O,NG 
requires C, 57-5; H, 3-1%). 
Methyl ester. The acid (30 g.) was refluxed in dry chloroform (50 c.c.) with thionyl chloride (50 c.c.) for } hou, 
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the excess’ of chloride removed on the water-bath, methyl alcohol added to the residue, and the ester hydrochloride 
diluted with water and made alkaline. The methyl ester, extracted with chloroform, crystallised from ligroin—benzene - 
jn needles (26-0 g.), m. p. 79-5° (Found : C, 59-8; H, 3-6. C,,H,O,NCI requires C, 59-6; H, 3-6%). 

6-Chlorocinchoninamide.—The methyl ester was dissolved in excess of methyl] alcohol saturated with ammonia and 
left for 3 days at 37°; the solution was concentrated on the water-bath. The crystalline amide (20-85 g.) had m. p. 
244° (Found : C, 57-7; H, 3-5. C,9H,ON,Cl requires C, 58-1; H, 3-4%). 

6-Chlorocinchoninonitrile.—To a boiling solution of 6-chlorocinchoninamide (7-7 g.) in nitrobenzene (50 c.c.), phos- 
phoric oxide (8-0 g.) was added in several small lots. After 4 mins.’ boiling, the hot product was poured into water, 
and the residual gum dissolved in boiling water and added to the main bulk of solution, which was then made alkaline 
and diluted with chloroform. The chloroform—nitrobenzene was separated and dried, chloroférm removed, and as 
much as possible of the nitrobenzene distilled under reduced pressure. The residue was triturated with petrol, and 
the crystalline product (5-53 g.), m. p. 164°, collected. 6-Chlorocinchoninonitrile crystallised in long needles, m. p. 164°, 
from ethyl acetate (Found : C, 63-8; H, 2-9. C,,H,N,Cl requires C, 63-7; H, 2-7%). 

6-Chloro-4-aminomethylquinoline.—To a solution of the preceding nitrile (4 g.) in absolute alcohol (700 c.c.), N-hydro- 
chloric acid (120 c.c.) and platinic oxide (0-2 g.) were added. The solution, shaken at normal pressure, absorbed 1400 
c.c. of hydrogen in 8 hours. On concentration 6-chloro-4-aminomethylquinoline dihydrochloride (32 g.) separated in 
thombs, m. p. about 250° (decomp.), sparingly soluble in alcohol (Found: C, 45-6; H, 4:3; N, 10-5. C,9H,N,Cl,2HC1. 
requires C, 45-2; H, 4-14; N, 105%). The base, obtained from the dihydrochloride and sodium carbonate solution 
by continuous extraction with ether, was moderately easily soluble in water;° it crystallised from ether in colourless 
needles, m. p. 90°, which turned bright violet on exposure to air. ; 

N*-Acetyl-N!-(6-chlorolepidyl)sulphanilamide—6-Chlorolepidylamine (1-93 g-) was dissolved in aqueous acetone (50 
c.c.) containing sodium bicarbonate (0-9 g.) and treated with acetylsulphanily] chloride (2-2 g.) by the same procedure 
as used previously. The product (2-85 g.) crystallised from acetone in needles (2-75 g.), m. p. 194° (Found: C, 55-4; 
H, 4:2. C,,H,,0,N;CIS requires C, 55-4; H, 4-2%). , 

N}-(6-Chlorolepidyl) sulphanilamide.—The acetyl derivative (1-73 g.) was refluxed in 2N-sodium hydroxide (15 c.c.) 
for | hour. The product was isolated in the usual way (1-43 g.) and crystallised from methanol; yield 1-05 g., m. p. 200° 
(Found : C, 55-0; H, 4-1; N, 11-6. C,,H,,0,N;CIS requires C, 55-2; H, 4-0; N, 12-1%). 

6-Chlorocinchoninamide of Diethyl-$-aminoamylamine.—6-Chlorocinchoninic acid (2-0 g) was converted by thionyl 
chloride into the acid chloride hydrochloride, which was powdered and added to a solution of diethyl-8-aminoamylamine 
(6-0 g.) in chloroform (100 c.c.). After 4 hour the chloroform solution was washed with water, dried, and evaporated. 
The residual brown oil crystallised on prolonged mary Sr was recrystallised from ligroin (2:65 g.). The amide, even 
when pure, m. p. 99°, could only be crystallised with difficulty, as, when dissolved in hot ligroin, it separated as a stiff 
gel crate crystallised very slowly (Found: C, 65-5; H, 7-4; N, 11-7. C,,H,,ON,;Cl requires C, 65-6; H, 7-5; 
N, 12-1%). 

a-Diethylamino-8-amyl-6-chlorolepidylamine.—The preceding amide (2-4 g.) was dissolved in dry chloroform (20 c.c.) 
and treated with phosphorus pentachloride (2-9 g.). Chloroform was distilled off on the steam-bath, and the residue 
heated at 100° for $ hour. A solution of stannous chloride (10 g.) in ethereal hydrogen chloride (100 c.c.) was added 
to the cooled residue, which was then shaken for 48 hours with glass beads. The polyamine (2-14 g.) was isolated by 
the usual procedure as a brown oil and converted into a picrate (tripicrate?), m. p. 97—-99°, which crystallised readily 
from acetone—alcohol. The picrate was reconverted into the base, which was distilled in a high vacuum before analysis 
(Found : C, 67-8; H, 8-6; N, 13-1; Cl, 10-8. C,,H,,N,Cl requires C, 68-3; H, 8-5; N, 12-6; Cl, 10-6%). 


I wish to thank Miss Ann Bishop, D.Sc., of the Molteno Institute, Cambridge, for carrying out biological tests and 
Mr. N. Schunmann for technical assistance. Acknowledgment is also made to Mr. Barrowcliff of Imperial Chemical 
Industries Ltd. for a gift of diethylaminoisoamylamine. 
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80. The Synthesis of Amines from Amides through the Amidodichlorides. 
By Tuomas S. Work. 


- The Sonn—Miller reaction for the preparation of aldehydes from anils, by reduction of the imidochlorides 
by stannous chloride and ethereal hydrogen chloride, is not applicable to quinoline-4-carboxyamides. The 
reaction of certain quinoline-4-carboxyamides with phosphorus pentachloride gives amidodichlorides which 
are reduced under the above conditions to secondary amines. The mechanism of both types of reaction is 
discussed. An analogous type of reaction is possible with quinoline-4-aldehyde anil, which gives with stannous 
chloride and ethereal hydrogen chloride N-phenyl-lepidylamine. Application of the Sonn-—Miiller conditions 
to nicotinethylamide gives pyeidine-8-aldehyde and 3-N-ethylaminomethylpyridine, through the operation of both 
types of reaction. 
It being desired (Work, precedihg paper) to have a convenient method for the preparation of quinoline-4- 
aldehydes, an attempt was made to apply the reaction of Sonn and Miiller (Ber., 1919, 52, 1927), viz., . 
R-CO-NHR’ —> R-CCI-NR’ —> R-CH:NR’ —> R-CHO + NH,R’. Accordingly cinchoninanilide (lL; R = H, 
R’ = Ph) was allowed to react in toluene ‘with phosphorus pentachloride (1 mol.) and the product 
(imidochloride ?) was treated with stannous chloride in ethereal hydrogen chloride as recommended by Sonn 
and Miiller. -The.product was, however, not quinoline-4-aldehyde, as might be expected, but N-phenyl- 
lepidylamine (II; R = H, R’ = Ph). : : 


CO-NHR’ CH, NHR’ C(:NPh)-NHPh 


N: N 

(I.) (II.) (IIL) 

With phosphorus pentachloride (2 mols.) N-phenyl-lepidylamine was obtained in 68% yield. Cinchonino- 
methylamide (I;+R = H, R’ = Me) and 6-chlorocinchoninanilide (I; R= Cl; R’ = Ph), treated in chloroform 
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with phosphorus pentachloride, the prodatte being reduced with stannous chloride, gave N-methyl-lepidyl. 
amine dihydrochloride (II + 2HCk; R=H, R’=Me) and N-phenyl-6-chlorolepidylamine (Il; R = (C1, 
R’ = Ph) respectively in good yield. 6-Methoxycinchoninamide (I; R = OMe, R’ = H) failed to furnish any 
amine. Cinchoninodiethylamide was recovered unchanged even after heating at 150° with phosphorus 
pentachloride. This result was not wholly unexpected in view of von Braun’s work (Ber., 1904, 37, 2812, 
2915) on the action of phosphorus pentachloride on the amides of secondary amines: R-CO-NR’R” —, 
R-CCL:NR’ + R’Cl —> R-CO-NHR’. 

Wallach (Annalen, 1877, 184, 4) found that phosphorus pentachloride and acid amides gave in general 
amidodichlorides which lost hydrogen chloride spontaneously with formation of imidochlorides; from ethy] 
oxamate, however, he obtained an unstable crystalline amidodichloride. 

Lander and Laws (J., 1904, 85, 1695) found that hydrogen iodide combined with benzanilide imidochloride 
to give an amidochlorideiodide, Ph-CClI-NHPh, and Stephen and Bleloch (J., 1931, 888) showed that benz- 
anilide imidochloride combined with hydrogen chloride in ethereal solution to give a crystalline amidodi- 
chloride hydrochloride. Hallmann (Ber., 1876, 9, 846) also isolated a crystalline amidodichloride, 
Ph-CCl,-NMe,, by the action of carbonyl chloride on benzodimethylamide. 

It thus seemed probable that the production of secondary amines under the Sonn—Miiller conditions in the 
quinoline series was dependent on the intermediate formation of amidodichlorides, which, under suitably 
controlled conditions, might be reduced to amines by stannous chloride. However, when the product of the 
reaction of benzanilide with phosphorus pentachloride at 0° was reduced with stannous chloride at 0°, only 
benzaldehyde and aniline were formed. Stephen and Bleloch’s benzanilide amidodichloride hydrochloride, 
similarly reduced at 0°, also gave only benzaldehyde and aniline.. The amidodichlorides of ethyl oxamate 
and ethyl ethyloxamate could not be reduced to the corresponding amines. 

In view of these failures a more detailed study was undertaken of the reaction in the quinoline series and 
6-chlorocinchoninanilide (I; R = Cl, R’ = Ph) was chosen as likely to provide the most readily crystallisable 
intermediates. When 6-chlorocinchonanilide in chloroform was treated with phosphorus pentachloride 
(2 mols.), 6-chlorocinchoninanilide hydrochloride corresponding to slightly more than one half the starting 
material separated almost immediately, The chloroform-soluble material was an unstable yellow oil, 
which gave on boiling with aniline NN-diphenyl-6-chloro-4-quinolylamidine (III) or with stannous chloride 
and hydrogen chloride N-phenyl-6-chlorolepidylamine (II; R = Cl, R’ = Ph). If the original mixture of 
anilide and pentachloride was refluxed for an hour, the only product was a yellow oil which could be reduced 
to N-phenyl-6-chlorolepidylamine. This oil, also obtained from solid 6-chlorocinchoninanilide hydrochloride 
in chloroform and phosphorus pentachloride, was eventually crystallised from carbon disulphide. It appears 
to have the formula C,,H,,N,Cl,. The solubility of this compound in chloroform, contrasted with the 
insolubility of cinchoninanilide hydrochloride, precluded the possibility that it was the imidochloride hydro- 
chloride and it is justifiably formulated as 6-chlorocinchoninanilide amidodichloride, a structure consistent 
with the formation of the amidine and N-phenyl-6-chlorolepidylamine mentioned above. The formation of 
6-chlorocinchoninanilide hydrochloride as one of the primary products of the reaction between the anilide 
and phosphorus pentachloride is consistent with the interpretation of the preliminary phase of the reaction 
as involving enolisation of the amide : 


R-CO-NHR’ 


+ —> R-CCINR’ + R-CO-NHR’,HCl + POCI, 


R-C(OH):NR’ 
This interpretation is supported by the failure of disubstituted amides to undergo a similar reaction. 

Since, however, iminochlorides add on hydrogen chloride under anhydrous conditions and since the Sonn- 
Miiller reaction is carried out in the presence. of excess of ethereal hydrogen chloride, it seems probable that 
the substance undergoing reduction with stannous chloride is always the amidodichloride. This being so, an 
explanation is required of why, in the case of amides derived from quinoline-4-carboxylic acids and primary 
amines, reduction to the secondary amine takes place, but in the case of benzanilide and of other anilides 
Studied by Sonn and Miiller reduction to an anil is the course followed, with subsequent hydrolysis to the 
aldehyde. 


Hantzsch and Schwab (Ber., 1901,,34, 822) formulated the hydrogen chloride addition products of anils 


as true salts, RCCH:NHR’]Cl, although in certain cases sodium carbonate solution converted them into 
aldehydeanilines, RCCH(OH)-NHR’. Franzen and Henglein}(J. pr. Chem., 1915, 91, 245), however, from 
observations on the addition of bromine to anils, formulated the hydrobromides of anils as R-CHBr-NHR’. 
This view was disputed by Hantzsch (Ber., 1915, 48, 1340). In accordance with modern theories the 
hydrogen chloride addition products of anils can probably be best regarded as mesomeric between the ionic 
and the covalent state. In the case of the amidodichlorides similar mesomerism is probable and in cases 
where secondary amines are produced by stannous chloride reduction, it is reasonable to assume that the 
electronic rearrangement due to the adjacent hetérocyclic ring (R) is such that the halogen atoms become 
attached to carbon by covalent links, R-CCl,-NHR’; on the other hand, in compounds where reduction to an 


_ anil takes place the linkage of halogen must appreach the ionic state. The general scheme to cover both 
types of product can be formulated — 
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If this view is correct, it would seem to follow that an anil prepared from quinoline-4-aldehyde should 
combine with hydrogen chloride te give a covalent addition product reducible to a secondary amine. This 
proved to be so, for quinoline-4-aldehyde anil treated with stannous chloride in ethereal hydrogen chloride 
solution gave a secondary amine identical with that obtained from cinchoninanilide. 


CH:NPh CHCl-NHPh CH,-NHPh CCl,-NHPh CO-NHPh 


When, however, the same reaction was applied to benzaldehyde-anil, benzaldehyde was isolated in quantitative 
ield. 

r An insufficient number of examples have been studied up to the present to determine what structural 
factors govern the direction of reduction of the amidodichlorides; it has been found, however, that when 
nicotinethylamide was treated with phosphorus pentachloride and the product submitted to the Sonn-Miiller 
conditions, it gave, mainly, the anil which decomposed to yield pyridine-3-aldehyde, identified as its phenyl- 
hydrazone. 3-Ethylaminomethylpyridine was a minor product and was identified as the picrate and platini- 
chloride. It is evident that in this case the behaviour is intermediate between that shown by 4-substituted 
quinolines and that shown by benzanilide in that both types of reaction have taken place, but in unequal 
proportion. 


EXPERIMENTAL. 


Cinchoninanilide.—Cinchoninic acid (20 g.) was converted by thionyl chloride into the acid chloride hydrochloride, 
which was added in small lots to a solution of aniline (40 g.) in chloroform (200 c.c.). Chloroform was removed, the 
residue suspended in water, and the anilide collected, twice precipitated from acetone solution by an equal volume of 
water, and crystallised from benzene; it formed stout needles {17 g-), m. p. 161—162° (Found: C, 76-9; H, 4-7. 
CysH,,ON, requires C, 77-4; H, 48%). 

N-Phenyl-lepidylamine.—€inchoninanilide (12-4 g.) was boiled in toluene with phosphorus pentachloride (11-0 g.) 
for 3 hours, the toluene distilled, and the solid residue added in small portions to a solution of anhydrous stannous 
chloride (40 g.) in dry ethereal hydrogen chloride (200 c.c. saturated with hydrogen chloride). After 24 hours’ shaking 
with glass beads, the ether was decanted, the sludge washed with ether and boiled with 5n-hydrochloric acid (600 c.c.) 
until most of the solid dissolved, and the solution filtered hot. The tin salt (18 g.) that separated on cooling was 
suspended in water, and sodium hydroxide (50% solution) added in considerable excess. Ether extracted a crystalline 
substance, which was triturated with light petroleum (yield, 7-22 g.) and fractionally crystallised from methyl 
alcohol-water, giving cinchoninanilide (0-35 g.) and mainly N. aes at m. p. 121°. 

When 2 mols. of phosphorus pentachloride were used, cinchoninanilide (1-24 g.) gave N-phenyl-lepidylamine (0-8 g.) 
as the sole product (Found: C, 82-0; H, 6-0; N, 12-0. C,,H,,N, requires C, 82-0; H, 6-0; N, 12-0%). 

Cinchoninomethytamide.—Methy] cinchoninate (2-0 g.) and 33% alcoholic methylamine (4-5 c.c.) were heated at 100° 
in a sealed tube for 6 hours, the alcohol removed, and the amide (1-7 g.) c ised from ether; m. p. 111° (Found: 
C, 70-4; H, 5-4. C,,H ON, requires C, 70-9; H, 5-4%). 

N-Methyl-le idylamine.—Cinchoninomethylamide (1-5 g.) in dry chloroform (10 c.c.) was refluxed with phosphorus 
pentachloride (2-5 g.; 14 mols.) for } hour, chloroform and phosphorus oxychloride removed in a vacuum, and the 
product dissolved in dry chloroform (10 c.c.) and added to a solution of stannous chloride (6-5 g.) in ethereal hydrogen 

‘chloride (65 c.c:). The mixture.was shaken for 24 hours, diluted with water, and washed with ether, sodium hydroxide 
(50% solution) added in considerable excess, and the a material extracted from the cooled solution. 
y 


The extract was a reddish oil which gave a crystalline hloride (1-51 g.) from alcohol, m. p. 215—220° (decomp.) ; 
recrystallised from methanol, it formed prisms or needles of N-methyl-lepidylamine dihydrochloride (Found for material 
dried at 100°: C, 53-4; H, 6-0. C,,H,,N,,2HCl requires C, 53-9; H, 5-7%). The base was a colourless oil soluble in 
water and in ether. * 


Cinchoninodiethylamide.—The acid chloride hydrochloride obtained from cinchoninic acid (3 g.) was suspended in 
dry benzene, excess of diethylamine added, and after 15 minutes-the solution diluted with chloroform and water. The 
oil (5-5 g.) obtained from the chloroform—benzene was distilled, and the fraction (4-2 g.), b. p. 180°/2 mm., converted 
into the picrate, m. p. 189°, which was crystallised from alcohol (Found : C, 52-6; H, 4-4; N, 15-3. C,,H,,ON,,C,H,O,N, 
requires C, 52-5; H, 4:2; N, 15-3%). 

6-Chlorocinchoninanilide.—This, prepared from 6-chlorocinchoninic acid (Work, Joc. cit.) (10 g.) (for details, see 
cinchoninanilide) and crystallised from acetone—water and from acetone (yield, 10-8 g.), had m. p. 205° (Found: C, 
68-0; H, 4-0. C,,H,,ON,Cl requires C, 67-9; H, 3-9%). 

N-Phenyl-6-chlorolepidylamine.—6-Chlorocinchoninanilide (2 g.) in chloroform (50 c.c.) at 50° reacted vigorously 
with phosphorus pentachloride (2 mols.). The pale yellow solid that — almost immediately (1-5 g.) was washed 
with chloroform, dried (Found: C, 59-8; H, 3-8; N, 8-5; Cl, 21-9. C,,H,,ON,Cl,HCI requires C, 60-2: H, 3-8; N, 
88; Cl, 22-2%), and identified as 6-chlorocinchoninanilide hydrochloride by reconversion into the original material. 
The chloroform-soluble product was an unstable yellow oil, which crystallised and gave, on boiling with aniline, 
NN-diphenyl-6-chloro-4-quinolylamidine (0-6 g.), ingly soluble in alcohol, which crystallised from acetone in prisms, 
m. p. 207° (Found: C, 73-4; H, 4-5; N, 11-9. CaHAN Cl requires C, 73-8; H, 4-5; N, 11-9%). 

A suspension of 6-chlorocinchoninanilide hydrochloride (0-5 g.) in chloroform (5 c.c.) and phosphorus pentachloride 
was refluxed for $ hour, most of the chloroform removed from the clear orange solution, and dry carbon disulphide 
(15 c.c.) added; the unstable orange needles obtained (0-7 g.) were immediately transferred to a desiccator. (1) A 
sample, heated with aniline, gave (2) A sample (0-38 g.) was reduced with 
stannous chloride in ethereal hydrogen chloride. -The colourless (180 mg.) “was 
lepidylamine, m. p. 129°, sparingly soluble in leum (Found: C, 72-0; H, 5:0; N, 10-7. C,,H,, Cl requires .C, 


71-5; H, 4-8; N, 10-4%). The hydrochloride m. p. 158—160° (decomp.). The nitrosoamine from ether 
im needles, m. p. 131° (Found: C, 65-2; H, 4-2; N, 14-1. C,,H,,ON,ClI requires C, 64-5; H, 4-0; N, 141%). (3) A 
sample was dissolved in dry chloroform containing a trace of p 


taining hosphorus pentachloride, the solution evaporated almost 
to dryness, and carbon disulphide added. The o e-coloured crystals obtained were very unstable and analysi 
(Found : C, 64:2; H, 3-4; N, 7-6; Cl, 31-6.. C,,H,,N,Cl, requires C, 56-9; H, 3-2; N, 8-3; Cl, 31-5%) showed that 
they consisted mostly of 6-chlorocinchoninanilide amidodichloridé. 


Quinoline-4-aldehyde Anil.—Quinoline-4-aldehyde (0-3 g.) andjaniline (0°18 g.) were heated at 100° for’ 15 minutes. 
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The anil was dried in'a vacuum and crystallised from ether—ligroin, forming thin platelets (0-35 g.), m. p. 85° (Founq. 
C, 82-4; H, 5-3. C,,H,,N, requires C, 82-8; H, 5-2%). : 

Reduction of Quinoline-4-aldehyde Anil.—The anil (0-35 g.) was shaken with stannous chloride (1-5 g.) in ethereg). 
hydrogen chloride (15 c.c.) for 24 hours. The product, isolated by extraction with ether from alkaline solution ang 
crystallised from ligroin, had m. p. 120—121°, not depressed by N-phenyl-lepidylamine. 

Reaction of Ethyl Oxamate Amidodichloride and Stannous Chloride,Ethyl oxamate (2-34 g.) was treated with 
phosphorus pentachloride as described by Wallach (loc. cit.); the amidodichloride, precipitated by petroleum, was 
washed, dried, and added to stannous chloride (10 g.) in ethereal hydrogen chloride (100 c.c.). After 24 hours the 
product was poured into water and washed with ether, and the acid solution evaporated to dryness. The residue was 
dissolved in water, tin removed as sulphide, and the solution evaporated, leaving ammonium chloride (0-7 g.). 

A similar experiment with ethyl ethyloxamate gave oxalomonoethylamide. 

Nicotinethylamide.—Methy] nicotinate (15 g.), heated with 33% alcoholic ethylamine (30 c.c.) in a sealed tube at 
100° for 8 hours, gave an oil (13 g.) which distilled at 152°/12 mm., solidified, and could be crystallised from ether. 
m. p. 57° (Found: C, 63-7; H, 6-6. C,H, ON, requires C, 64-0; H, 6-7%). ; 

Reaction of Nicotinethylamide with Phosphorus Pentachloride and Stannous Chloride.—The product of reaction between 
the ethylamide (3-3 g.) in chloroform (10 c.c.) and phosphorus pentachloride (9-5 g.; 2 mols.) was heated at 120° fory | 
hour, phosphorus oxychloride removed in a vacuum, and the residual oil shaken with stannous chloride (14 g,) in | 
ethereal hydrogen chloride (140 c.c.) for 24 hours. Water was then added, the acid solution washed with ether and | 
basified with sodium hydroxide (50% solution) in considerable excess, and ethylamine removed in a vacuum at room 
temperature. Continuous extraction with ether removed a pale brown oil, which was fractionally distilled, givi 
(a) b. p. 200—220°/760 mm. (0-8 g.), (b) b. p. 220—240°/760 mm. (0-22 g.), and (c) b. p. 150—180°/14 mm. (0-9 g), 
Fraction (c) crystallised and was mainly unchanged amide. Fractions (a) and (b) gave with phenylhydrazine in dilute 
acetic acid a crystalline phenylhydrazone, m. p. 157° (Found: C, 72-7; H, 5-7. Calc. for C,,H,,N,: C, 73-1; H, 
56%). Harries and Léndrt (Annalen, 1915, 410, 115) give m. p. 158° for pyridine-3-aldehyde phenylhydrazone, 
Fractions (a) and (b) also gave with platinic chloride and hydrochloric acid the crystalline platinichloride of 3-ethyi. 
aminomethylpyridine, sparingly soluble in cold water (Found: N, 4:8; Pt, 35-8.- CsH,,.N,PtCl, requires N, 5-1; Bt, 
35-5%). 

‘ye of fraction (b) which appeared to contain a larger proportion-of secondary amine than (a) was dissolved 
in methanol, and the aldehyde removed by oxidation with ammoniacal silver nitrate. The stable secondary amine 
was then isolated and converted into a picrate, m. p. 207°, sparingly soluble in ethanol (Found: C, 40-8; H, 3-2, 
C,H,,N,,2C,H,O,N, requires C, 40-4; H, 3-0%). 


I wish to thank Dr. H. King, F.R.S., for his helpful interest throughout the course of this work. 
(Received, March 30th, 1942.) 
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81. isoOxazolidine and Tetrahydro-| : 2-isooxazine. 
By Haroip KInc. 


These bases arose in an attempt to prepare ww’-O-alkylenehydroxylamines. They are strong.stable bases, 
forming neutral salts with reducing properties. 


By the action of alkyl halides on N-hydroxyurethane in the presence of alkali, Jones and his collaborators 
(Jones and Oesper, J. Amer. Chem. Soc., 1914, 36, 730; Jones and Neuffer, jbid.,-p. 2208; Hecker, Amer: 
Chem. J., 1913, 50, 457; Neuffer and Hoffmann, J. Amer. Chem. Soc., 1925, 47, 1685) have prepared the 
lower O-alkylhydroxyurethanes, and have obtained the O-alkylhydroxylamines on drastic hydrolysis : 


HO-NH-CO,Et + RI + KOH —> RO-NH-CO,Et —> RO-NH, 


It has now been found that when.a similar reaction is applied with trimethylene 1 : 3-dibromide and 
tetramethylene 1 : 4-dibromide, 1 : 3-trimethylenebisoxyurethane and 1 : 4-tetramethylenebisoxyurethane are 
not formed, but instead cyclisation takes place with production of N-carbethoxyisooxazolidine (I, R = CO,Et) 
and N-carbethoxytetrahydro-1 : 2-isooxazine (II, R = CO,Et) respectively. 


CH,—-O + Me ae Me - 
NR CH NR NCI CH NC oT 
(I.) (II.) (III.) (IV.) 


| _ - These heterocyclic urethanes are liquids which can be distilled under reduced pressure without decom- 
position, and on boiling with 16% hydrochloric acid yield isooxazolidine (I, R = H) and tetrahydroisooxazine 
(II, R = H). These substances are strongly basic oils which give neutral, crystalline salts and yield crystalline 
amides with 3 : 5-dinitrobenzoyl chloride. They behave as highly unsaturated substances to bromine water, 
but the possibility that they are unsaturated open-chain compounds of the type NH,-O-[CH,],-CH:CH, is pre- 
cluded by the results obtained on methylation. Both bases form monomethyl derivatives which add on 
methyl iodide to form N-methylisooxazolidine methiodide (III) and N-methyltetrahydroisooxazine ‘methiodide 
(IV). Both these methiodides decompose vigorously at their melting points, but the methopicrates behave 

normally except that they both markedly exhibit the phenomenon of thermotropy. : ao 
isoOxazolidine and tetrahydroisooxazine appear to be the first members to be described of these saturated 
_ ring systems. ‘Knorr and Matthes (Ber., 1901, 34, 3484) recorded the preparation of a series of oxazolidines 
with nitrogen and oxygen in the 1 : 3-position to each other by the action of aldehydes on primary and 
‘sécondary ethanolamines, but these oxazolidines, unlike the isooxazolidines, were very unstable bases. The 
‘nearest analogy to tetrahydroisooxazine is morpholine (tetrahydroparoxazine), which alsq is a stable bast. 
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poth isooxazolidine and tetrahydroisooxazine are readily obtained in quantity by the methods here described 
and it is possible that they may serve as intermediates, to advantage, in the preparation of drugs. ' 


EXPERIMENTAL, 


N-Carbethoxyisooxazolidine.—Trimethylene dibromide (40-4 g.; 1 mol.), N-hydroxyurethane. (42-0 Fi 2 mols.), 
and an ethyl-alcoholic solution (224 c.c.) containing potassium hydroxide (22-4 g.; 2 mols.) were boiled together on 
the water-bath for 6 hours. The alcohol was removed by distillation; from the residue ether extracted carbethoxy- 
‘sooxazolidine (yield, 90%), which was fractionally distilled, the main fraction having b. p. 112°/16 mm. (Found: N, 
9-9; EtO, 32-8, 33-1. C,H,,0,N requires N, 9-7; EtO, 31-0%).* 

Whep the rk Yana of hydroxyurethane and potassium hydroxide were halved in the above experiment, the 

ield was only 44-2%. 
" isoOxazolidine Hydrochloride.—Carbethoxyisooxazolidine (27-5 g.) was boiled with 16%, hydrochloric acid for 2 hours. 
The cooled solution was extracted with ether to remove non-basic material and evaporated to dryness under reduced 

ure, the last traces of moisture being removed by evaporation with alcohol. The crystalline residue was dissolved 
in-a little warm dry ethyl alcohol; the hydrochloride (14-0 g.) separated in long hygroscopic needles.. A further crop 
(1-23 g.) was obtained by addition of ether to the mother-liquor. This salt, when qyickly dried at 100°, melts at 
124—125° (Found: Cl, 32-2. C,H,ON,HCI requires Cl, 32-4%). The hydrobromide, thin hexagonal leaflets, also 
hygroscopic, was obtained in a similar way 4 boiling the es ottr pE (26-7 g.) with constant-boiling hydro- 
promic acid, (500 c.c.) for 3 hours (Found: -N, 8-8; Br, 52-0. C,H,ON,HBr requires N, 9-1; Br, 519%). From the 
ethereal extract of the diluted solution, trimethylene dibromide (2-5 g.) was recovered. During the hydrolysis 
ammonium bromide and a little hydroxylamine hydrobromide are both formed. The picrate, needles, m. p. 131°, is 
readily soluble in water and is obtained by ee saturated sodium picrate solution to the solid hydrobromide and 

llising the product from a little water (Found: C, 36-1; H, 3-1; N, 18-5. C,H,ON,C,H,0O,N, requires C, 35-8; 
H, 33; N, 18-5%). 

3 : 5-Dinitrobenzisooxazolidide.—Dinitrobenzoyl chloride (1-15 g.) was heated with isooxazolidine hydrobromide 
(0-77 g.) in dry _— (2 c.c.) for 10 minutes in boiling water. The cooled melt was treated with 3n-hydrochloric 
acid in excess; the solid was collected and ground successively with dilute hydrochloric acid and sodium hydrogen 
carbonate solution, then washed, and dried (yield, 1-2 g.). This amide is very soluble in the usual organic solvents, 
but crystallises well from methyl or ethyl alcohol. From 8 c.c. of ethyl alcohol it separated in small plates or flattened 
needles, m. p. 94—95° (Found : C, 45-1; H, 3-4; N, 15-6. C, H,O,N, requires C, 44-9; H, 3-4; N, 15-7%). 

Methylation of isoOxazolidine.—The hydrobromide (1-54 g.) in methyl alcohol (5 c.c.) was treated with methyl iodide 
(2-5 cet and sodium hydrogen carbonate (1-7 g.); the solution was boiled for 3 hours, concentrated slightly, arid 
filtered. N-Methylisooxazolidine methiodide separated in plates (1-29 g.). On crystallisation from methyl alcohol it 
melts with violent decomposition at 168—170° (Found: C, 26-4; H, 5-3. C,H,,ONI requiresC, 26-2; H, 5-3%). 
The methopicrate crystallisesfrom 17 parts of boiling water in needles which turn orange-red on heating and have m, p. 
222° (Found : C, 40-1; H, 4-2; N, 17-0. C,,H,,O,N, ———- C, 40-0; H, 4-3; N, 17-0%). s 

N-Carbethoxytetrahydroisooxgzine.—Tetramethylene dibromide (43-1 g.; 1 mol.), \N-hydroxyurethane (42-0 g.; 2 
mols.), and an ethyl-alcoholic solution (224 c.c.) containing potassium hydroxide (22-4 g.) were digested or the boiling 
water-bath for 6 hours. “The cyclic urethane was isolated as described for its lower ring homologue; yield 27-6 g., 
b. p. 113—116°/12 mm. (Found : OEt, 26-8. C,H,,0,N requires OEt, 28°34). 

Tetrahydroisooxazine Hydrochloride.—The urethane (20-95 g.) was boiled with 16% hydrochloric acid for 3 hours, 
the solution cooled, and non-basic material removed by ether extraction. The aqueous solution was eva ted to 
dryness, finally with alcohol, and on solution in absolute = alcohol, the residue readily crystallised (yield, 12-7 g.).. 
The hydrochloride crystallised yy Roe 20 parts of ethyl alcohol in prismatic needles, m. p. 141—143° (Found : 
C, 38-8; H, 80; N, 11-1. C,H,ON,HCI requires C, 38-8; N, 8-2; N, 11-3%). 

Tetrahydroisooxazine and isooxazolidine as hydrochlorides give no precipitate with Tanret’s reagent, but both in 
aqueous solution decolorise large amounts of bromine water. Similar properties are exhibited by open-chain O-alkyl- 
hydroxylamines. 

Tetrahydroisooxazine picrate crystallises from 30 parts of boiling water in prismatic needles, m. p. 160—161° (Found : 
C, 38-2; . C,H,ON,C,H,O,N, requires C, 38-0; H, 3-8%). 

N-3 : 5-DinitrobenzoyltetrahydPoisooxazine, prepared in the same way as its lower homologue, crystallises from 8 
parts of boiling alcohol gpa clusters of stout needles, m. p. 121—122° (Found: C, 46-5; H, 4-0. C,,H,,0,N, 

uires C, 46-9; H, 3-9%). 
Methylation of Tetrahydroisooxazine.—The hydrochloride (1-24 g.) in methyl alcohol (5 c.c.) was boiled with methyl 
iodide (5 c.c.) and sodium bicarbonate (1-7 g.) for 2-5 hours. After removal of sodium chloride which had separated, - 
the solution was concentrated; on addition of a little ether N-methyltetrahydroisooxazine methiodide (1-82 g.) crystallised 
in plates, m. p. 176° (violent decomp.) (Found: C, 30-0; H, 5-8; N, 5-7. C,H,,ONI requires C, 29-6; H, 5-8; N, 5-8%). 
The methopicrate crystallises from water in long needles, m. p. 223° (decomp.). This salt turns orange at 95° and the 
yellow colour returns on cooling (Found : C, 41-9; H, 4:6; N, 16-4. C,,H,,0,N, requires C, 41-8; H, 4-7; N, 16-3%). 


I desire to acknowledge much technical assistance from Mr. E. V. Wright. : : 
NationaL INSTITUTE FOR MEpicaL ResEarcu, Lonpon, N.W. 3. [Received, April 21st, 1942.) 


82. The Coupling of m-Halogenophenols with Diazotised Aniline, and the Existence 
of Chromoisomerism among the 3-Halogeno-4-benzeneazophenols. 
By Hersert H. HopcsoN and TURNER. 


In contrast with m-fluorophenol, which forms only%-fluoro-4-benzen: henol, the other three m-halogeno- * 
phenols couple jn mild alkaline solution with gne equivalent of diazoti aniline to form the 3-halogeno-4- 
benzeneazophe , and with two equivalents to form the 3-halogeno-2 : 4-bisbenzeneazophenols.. No trisazo- ~ 
compounds appear to be formed. - When caustic alkali is present, the tendency to form bisazo-compounds is 

\, Paramount. Boiling aqueous potassium hydroxide decomposes 3-bromo- and 3 iodo- 2 : 4-bisbenzeneazophenals — 
* All analyses are micro. 
“FF ‘ 
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to form 2: 4-bisbenzeneazoresorcinol, but the chloro-analogue resists such replacement. The 3-halogeno- 
4-benzeneazophenols exist in fairly stable, chromoisomeric forms. 


D1azOTISED aniline, even in great excess, couples with 3-fluorophenol in sodium hydroxide solution to form 
only 3-fluoro-4-benzeneazophenol (Hodgson and Nicholson, J., 1941, 470). 3-Chloro-, 3-bromo- and 3-iodo. 
phenol give first a’ 3-halogeno-4-benzeneazophenol. and then a 3-halogeno-2 : 4-bisbenzeneazophenol ; trisazo. 
compounds are not formed. The bisazo-dyes cannot be readily halogenated in the 6-position. 

Monocoupling is best carried out in sodium carbonate solution ; when sodium hydroxide is present, dicoupling' 
occurs even when equivalent quantities of phenol and diazotised aniline are present; coupling does not take 
place in sodium acetate solution. That monocoupling first takes place in the 4-position follows from reduction 
of the %halogeno-4-benzene4zophenol to the 3-halogeno-4-aminophenol, oxidisable to the corresponding 
2-halogenobenzoquinone. That the second coupling is in the 2-position has been established for 3-bromo. 
and 3-iodo-2 : 4-bisbenzeneazophenols by their conversion into 2 : 4-bisbenzeneazoresorcinol by boiling aqueous 
potassium hydroxide. The chlorine atom in 3-chloro-2 : 4-bisbenzeneazophenol resisted replacement by hydroxy] 
even after several hours’ boiling with aqueous alkali, but aniline was gradually expelled, some hydrolysis 
at the azo-groups being thereby indicated. 3-Chléro-2 : 4-bisbenzeneazophenol was, however, readily reduced 
in aqueous sodium carbonate suspension by sodium hyposulphite to 3-chloro-2 : 4-diaminophenol, and this 
diamine, after tetrazotisation by Hodgson and Walker’s method (J., 1933, 1620; 1935, 530), was converted 
by the Sandmeyer reaction into 2:3: 4-trichlorophenol. For comparison 3-chloro-4 : 6-dinitrophenol was 
reduced by zinc dust in ethyl-alcoholic hydrochloric acid solution to 3-chloro-4 : 6-diaminophenol; this was 
not isolated owing to experimental difficulties, but was converted into the dibenzoyl derivative, which differed 
from.the dibenzoyl derivative of 3-chloro-2 : 4-diaminophenol. 

3-Chloro-, 3-bromo- and. 3-iodo-4-benzeneazophenol exhibit chromoisomerism, since stable orange-yellow 
and orange-red forms have been isolated in each case which differ appreciably in m. p.- The literature only 
records: the existence of the orange-red 3-chloro-4-benzeneazophenol, m. p. 114° (Wohlleben, Ber., 1909, 42, 

*4372). The orange-red forms are obtained in the presence of hydrochloric acid fumes; an ammonia environ- 
ment transforms them into the orange-yellow variety. A fairly stable, pink form of 3-chloro-4-benzeneazo- 
phenol has also been isolated. , 

These results indicate that the 3-halogeno-4-benzeneazophenols behave like the very similar 4-benzeneazo- 

- resorcinol, and that Baker’s explanation (J., 1934, 1684) for the 2 : 4-dicoupling of resorcinol will also hold for 
the 2 : 4-dicoupling of 3-chloro-, 3-bromo- and 3-iodo-phendl. 


~ 


a? EXPERIMENTAL. 


Lg colour produced by concentrated sulphuric acid and an azo-compound is given immediately after the m. p. 
of the latter. 

Coupling of Diazotised Aniline with m-Chlorophenol.—Aniline (2 g.) was diazotised in hydrochloric acid (7 c.c., d 1-16) 
‘and water (20 c.c.), the excess of nitrous acid destroyed by urea, and the solution divided into four equal parts, three of 
which were treated with three different solutions of m-chlorophenol, and the fourth with one of 3-chloro-4-benzeneazo- 
phenol at 0°, as follows : . 

(a) m-Chlorophenol (0-6 g.) was suspended in a solution of sodium acetate (6 g.) in water (20 c.c.) to which a little 
—_ — had been added. Stirring was continued for 1 hour after addition of the diazotised aniline, but no coupling 
t ce. 

(b) m-Chlorophenol (0-6 g.) was dissolved in water (30°¢.c.) containing sodium carbonate (6 g.). After 1 hour's 
stirring, the precipitate of 3-chloro-4-benzeneazophenol was collected and crystallised from 25% aqueous~acetic acid, 
forming orange-yellow needles, m. p: 95° (deep yellow) (Found: N, 12-2; Cl, 15-1. Calc.: N, 12-0; Cl, 15-2%); after 
fusion, followed by slow cooling, the m. p. became 114°. The orange-yellow form (m. p. 95°), on drying over concentrated 
—— acid in a vacuum desiccator, changed to a pink variety, m. p. 104° (deep yellow) (Found : N, 12-1; Cl, 15-1%), 
and when it was kept warm near a Bunsen burner for 2 hours its colour changed to orange-red and the m. p. to 114° 

(deep yellow) (Found: N, 12-1; Cl, 15-1%). The orange-yellow form (m. p. 95°) on exposure to hydrochloric acid 
fumes or when washed with dilute hydrochloric acid, followed by water, prior to drying, changed into the orange-red 
form (m, p. 114°). »The orange-red form was changed by ammonia fumes into the orange-yellow variety. M. p.’s of 
101° and 108° were found for mixtures of the two forms and when a small quantity of the orange-red was mixed with a 
large quantity of the orange-yellow form (m. p. 95°) a m. p. of 94° was obtained. The three mixtures were allowed to 
cool slowly after fusion; they then all had m. p. 114°. Recrystallisation of the orange-red and the pink variety from 
25% aqueous acetic acid gave orange-yellow needles, m. p. 95°. All the forms were stable when kept in corked test-tubes, 
but when exposed to the atmosphere the orange-yellow slowly changed into the orange-red variety. 

(c) m-Chlorophenol (0-6 g,) was dissolved in water (30 c.c.) containing sodium bicarbonate (6 g.) and a little ethyl 
alcohol. A longer stirring period (ca. 2 hours) was required than in (b) before the 3-chloro-4-benzeneazophenol was 
recipitated. - ‘ 

(d) 3-Chloro-4-benzeneazophenol (1 g.) was dissolved in 20% aqueous sodium hydroxidé (10 c.c.), to which saturated 
aqueous sodium carbonate (3 c.c.) had been added, and the fourth portion of diazotised aniline was gradually stirred in. 
3-Chioro-2 : 4-bisbenzeneazophenol, collected.after 15 mins., crystallised from 90% aqueous pyridine in dark red-brown 
needles, m. p. 181° (yellow-brown) (Found : N, 16-7; Cl, 10-4. C,,H,,ON,Cl requires N, 16-6; Cl, 10-5%). 

Coupling of Diazotised Aniline with m-Chlorophenol im Presence of Sodium Hydroxide.—Four solutions of m-chloro- 
henol (0-6 g.; 0-005 g.-mol.) in water (60 c.c.) containing 20% aqueous sodium hydroxide (2 c.c.) and sodium carbonate 
2 g.) were severally treated with 1, 2, 3 and 4 equivs. of diagptised aniline. In all four cases the product was 3-chloro 

: 4-bisbenzeneazophenol (red-brown needles from 90% aqueous pyridine, m. p. and mixed m. p. 181°) and neither mono- 
hor tris-azo-dyes appeared to be formed. With less than 1 equiv. of diazotised aniline, some 3-chlogp4-benzeneazophenol 
was formed; it was extracted from the bisazo-compound with 10% aqueous sodium hydroxide and crystallised from 
25% ueous acetic acid, forming orange-yellow ania, m. p. 95° ( sine. : N, 12-19%). The procedure described for the 
preparation ‘of 3-fluoro-4-benzenéazophenol (Hodgson and Nicholson, loc. cit.); when used with m-chloropliénol, talwafs 
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Coupling of Diazotised Anilinewith m-Bromo- and m-I 
phenol gave 3-bromo-4-benzeneazophenol, which crystalli 
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henol.—Procedure (b) above with a slight excess of m-bromo- 


from 25% aqueous acetic acid in orange-yellow needles, 
m. p. 128° (unchanged on fusiea a second time after slow cooling) (deep yellow) (Found: N, 10-2; Br, 28-7. C,,H,ON,Br 


requires N, 10-1; Br, 288%). When exposed to hydrochloric acid fumes and then gently heated to remove adherent 
acid, the orange-yellow chahged into orange-red needles, m. p. 161—163° (deep yellow) (Found: N, 10-2; Br, 28-6%) ; 
these were ee into the orange-yellow needles by ammonia fumes. ixed m. p.’s of 125°, 132° and 134° were 
obtained for different mixtures of the two forms. When dried over concentrated sulphuric acid in a vacuum desiccator, 
the orange-red form changed into the orange-yellow variety. 

When sodium hydroxide was present in the coupling solution, even with equivalent amounts of diazotised aniline 
and m-bromophenol, 3-bromo-2 : 4-bisbenzeneazophenol was formed, which crystallised from 90% aqueous pyridine in ~ 
red-brown needles, m. p. 135° (yellow-brown, redder than the colour given by the chloro-analogue) (Found: N, 14-8; 

Br, 20-8. C,,H,,ON,Br requires N, 14-7; Br, 21-0%). This compound was also the only one formed when m-bromo- 

phenol was treated in alkaline (mild or caustic) solution with 4 equivs. of diazotised aniline, or when 3-bromo-4-benzene- ° 
azophenol was treated in like manner. The bisazo-compound was dissolved in an excess of alcoholic potassium hydroxide, 
to which water was subsequently added, and the mixture refluxed so that the alcohol was gradually removed; the solution 
aftgr filtration and acidification yielded 2 : 4-bisbenzeneazoresorcinol, m. p. and mixed m. p. with an authentic specimen, 
oF (deep orange-red; 4 : 6-bisbenzeneazoresorcinol, m. p. 213—-215°, gives a characteristic bluish-red colour with 
concentrated sulphuric acid) (Found: N, 17-7. Calc.: N, 17-6%). 

3-Iodo-4-henzeneazophenol, prepared by procedure (b) above but with a 50% excess of m-iodophenol, crystallised from 
25% aqueous acetic acid in orange-yellow needles, m. p. 145° (unchanged when repeated after solidification) (deep 
reddish-yellow) (Found: N, 8-7; I, 39-0. C,,Hj,ON,I requires N, 8-6; I, 39-2%). The orange-red form, obtained by 
exposure of the orange-yellow variety to hydrochloric acid fumes and gentle heating to remove adherent acid, had 
m. p. 138° (deep reddish-yellow) (Fountl : N, 8-8; I, 39-0%). Mixed m. p.’s of 137° and 141° were obtained with suitable 
mixtures to establish depressions. The orange-red variety, recrystallised from 25% aqueous acetic acid or kept in a 
yacuum over concentrated sulphuric acid, changed nto the orange-yellow form, m. p. 145°. 

3-lodo-2.: 4-bisbenzeneazophenol, was even more readily formed than the chloro- and brorko-analogues under like con- 
ditions, and was present when equivalent antounts of diazotised aniline and 3-iodophenol r€acted in aqueous sodium 
carbonate solution; it crystallised from 90% aqueous pyridine in red-brown needles, m. p. 187° (yellow-brown, redder 
than the colours given by the chloro- and bromo-analogues) (Found: N, 13-2; I, 29-5. C,,H,,ON,I requires N, 13-1; 
I, 29-7%), and was cenverted into 2 : 4-bisbenzeneazoresorcinol by the ethyl-alcoholic potassium hydroxide procedure 
described for the bromo-analogue. / 

3-Chloro-2 : 4-diaminophenol.—3-Chloro-2 : 4-bisbenzeneazophenol (3 g.) was suspended jn a solution of sodium 
carbonate (6 g.) and water (30 c.c.) and boiled during the gradual addition of sodium hyposulphite (‘‘ hydros,” ca. 10 g.) 
until the reduction product passed igto solution, which became almost colourless. The liberated aniline was removed 
by steam-distillation, and the hot residual liquor filtered ; 3-chloro-2 : 4-diaminophenol (0-7 g.), which separated on cooling, 
crystallised from benzene in colourless needles, m. p. 200° (Found: Cl, 22-2. C,H,ON,Cl requires Cl, 22-4%). The 
dibenzoyl derivative, prepared by the Schotten—Baumann method, crystallised from aqueous aleohol in colourless needles, 
m. p. 192° (Found: Cl, 9-7. C,9H,,0O,;N,Cl requires Sen 3-Chloro-2 : 4-diaminophenol was tetrazotised by 
nitrosylsulphuric acid in glacial acetic acid, and the solution added to cuprous chloride dissolved in concentrated hydro- i 
chloric acid (method of Hodgson.and Walker, loc. cit.); steam-distillation then removed 2 : 3 : 4-trichlorophenol, m. p. 
80—81° (Found: Cl, 53-8. Calc.: Cl, 54-0%), which formed a benzoate, m. p. 143° (Found: Cl, 35-3. Calc. : Cl, 
353%) (Groves, Turner, and Sharp, J., 1929, 522, give the same m. p.’s). 

A’solution of 3-chloro-4 : 6-dinitrophenol (1 g.) in ethyl alcohol bo c.c.) and hydrochloric acid (10 c.c., d 1-16) was 
treated with zinc dust until the red colour disappeared. The liquid, after filtration, was shaken with benzoyl chloride 
(2c.c.) and 2n-sodium hydroxide (50 c.c.), giving the dibenzoyl derivative of 3-chloro-4 : 6-diaminophenol, which crystallised 
from aqueous alcohol in colourless needles, m. p. 215° (Found: Cl, 9-6. C.9H,,0,N,Cl requires Cl, 9-7%). Reduction 
of 3-chloro-4 : 6-dinitrophenol with sodium hyposulphite gave unsatisfactory results. 


The authors thank Imperial Chemical, Industries (Dyestuffs) Ltd. for gifts of chemicals, and Dr. D. E. Nicholson for : 
some micro-analyses. \ 
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83. Some Reactions of the Diazonium Salts of Certain Arylazo-b-naphthylamines, 
By HErBert H. Hopcson and Currrorp K. Foster. 


Three methods are déscribed for the preparation of the solid diazonium salts of arylazo-f-naphthylamines. 
Some of Zincke’s work in this field has been confirmed and an alternative explanation of the formation of the 
diazonium salts is proposed. A revised formula is suggested for the stannous chloride reduction product of 
chidride. The preparation of arylazo-8-naphthalenediazonium 
perbromides and their decomposition by glacial acetic acid to 2-bromo;l-arylagonaphthalenes is described. 


TuE condition of the amino-group in arylazo-$-naphthylamines is probably best represented as an example of 
hydrogen bonding (I), although under certain conditions itgnay be diazotised (cf, Nietzki and Goll, Ber., 1886, 
19,1281). Zincke (Ber., 1887, 20, 2897) found that, though the diazonium chloride of benzeneazo-8-naphthyl- — 
amine yielded a perbromide, it nevertheless behaved anomalously towards stannous chloride or sulphur dioxide - 


H—N-——-H 


in that it was converted into a white non-basic compound (II),-which could be acetylgted but'was féconverted 
by'acid oxidising agents into the diazonium salt. Sonie of Zincke’s work has now been confirmed and extended, ' 
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whereby an alternative explanation of the formation of the ‘diazonium salts has been derived, and of the action 
of stannous chloride upon them. 

Diazonium salts have been formed from a series of arylazo-8-naphthylamines by three methods : (1) By 
the addition of solid sodium nitrite to a glacial acetic acid solution of the amine containing hydrochloric acid, 
It is essential to use only the amount of hydrochloric acid stated in the experimental part, othetwise Cleavage 
of the arylazo-8-naphthylamine may occur during diazotisation, e.g., in the cases of benzeneazo-$-naphthyl. 
amine and 1-naphthaleneazo-B- naphthylamine. A test for this cleavage i is afforded by bromine in glacial acetic 
acid, whereby an orange-brown precipitate is obtained which no longer gives a colour reaction with concentrated 
sulphuric acid and therefore does not contain an azo-group; furthermore, decompbsition of the perbromide . 
by Hot glacial acetic acid gives a colourless product. The cleavage of the arylazo-8-naphthylamine produces 
B-naphthylamine, which is subsequently diazotised in the reaction mixture and so gives rise to a secénd 
diazonium perbromide. The diazo-solutions obtained by the above method are not very stable, inasmuch 
as the water présent in the acid soon decomposes them with formation of arylazo-8-naphthol. The 
diazonium salt isolated by addition of alcohol and ether to the well-cooled solution is obtained in moderate yield 
and is contaminated with arylazo-$-naphthol. 

(2) The solid azo-compound is made into a paste with nitrosylsulphuric acid at 0° and stirred during the 
gradual addition of glacial acetic acid. A good yield of solid diazonium salt is obtained and the ienantion of 
arylazo-$-naphthol is reduced to a minimum, but the method is of limited ptility. 

' (3) As a variant of (2), arylazo-8-naphthylamine, dissolved or suspended in glacial acetic acid, is added to 
well-stirred nitrosylsulphuric acid at 18°. - 

Methods (2) and (3) fail with arylazo-$-naphthylamines which, as primary component, have either free 
amines or thosé with op-directing substituents except chlorine; here cleavage of the azo-compound ensues 
as in (1). 

The above compounds behave like true diazonium salts in the following respects : 

(a) The diazo-group is replaced by hydroxyl with great ease by a very small amount "ot water. Previous 
statements (this vol., p. 30) that arylazo-8-naphthols and their acetates are produced in the decomposition of 
arylazo-f-naphthylamines by sodium nitrite and glacial acetic acid at 70°, the former by hydrolysis of the latter, 
must be modified in view of the present work, inasmuch as two simultaneous reactions appear to be taking place, 
viz. (i) the decomposition of the diazonium group by the water produced in the actual diazotisation, and (ii) 
attack of the diazonium salt by the acetate anion and/or by polarised acetic acid. 

(6) In fifteen cases arylazo-$-naphthy]l acetates are obtained when the diazo-acetate is decomposed in glacial 
acetic acid solution; this, however, is not a general reaction. 

(c) They react readily with bromine in glacial acetic acid to form diazo-perbromides, which behave like 
other perbromides in that on heating with glacial acetic acid the diazo-group is replaced by bromine with 
evolution of nitrogen. 

(d) Stable double salts are formed by the diazonium chlorides with zinc chloride and platinum chloride. 

The points of difference between these salts and ordinary diazonium compounds are 3 

(e) They do not couple with phenol or §-naphthol (four different methods have been tried). 

(f) They do not form hydrazines on reduction with stannous chloride. 

These differences can be accounted for, (e) by the ease with which’ the diazo-group is placed by hydroxyl, 
since diazo-compounds already containing an azo-group couple slowly and in many decompose before 
coupling (cf. Saunders, ‘‘ The Aromatic Diazo-compounds and their Technical Applications,” E. Arnold and 
Co., London, 1936, p. 115), and (f) by reduction of the arylazo-B-naphthalenediazonium salt according to the 
reactions depicted in (III). The diazqnium salt (IIIa) is reduced to an arylhydrazo-f-naphthalenediazonitm 
salt (IIIb), internal coupling follows similar to that which occurs when o-diamines are treated with nitrous acid 


(IIIc), and finally reduction to an internal coldurless compound wpa takes place. 
Ph . NHPh 

® 


? NH 


(IIIa.) (IIIb.) (IIId.) 


The structure (IIId), containing a 5-membered ring, for the reduction product of benzeneazo--naphthalene- 
_ diazonium chloride is more probable than that assigned by Zincke (II) containing a 4-membered nitrogen 
~ ring. The structure (IIId) also readily accounts for the regeneration ‘of the original benzeneazo-f-naphthalene- 
; diazonium salt by acid oxidising agents and the formation of a diazonium — by bromine in acetic acid. 


Pr of A Salts.—(1) The arylazo-f-naphthylamine (3 g.) was heated to boiling 
with glacial acetic acid (20 c.c.), and the niixture sifrred ‘until room temperature was attained ; hydrochloric acid (3 c.c., 
d 1-16) was then added, and the resulting paste agitated vigorously during the gradual addition of the calculated quantity 
of powdered soditim hitsite ahd fcr P3.mimuteés afterwards. The solution so obtained was rapidly filtered and diluted 
with alcohol-¢ther (1+: 1}; dn strang-vooling, the diazonium chloride, contaminated with some arylazo-8-naphthol, was 
precipitated in Yield. 
Th he Suspension by cooling 2 : 5-dichlorobénzeneazo-f-naphthylamine (3 g.) in"hot glacial acetic acid 
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(50 c.c.) was added ionwise to a well-stirred elution of sodium nitrite (0°8 ¢-) in concentrated sulphuric acid (10 c.c.) 
at 18—20°. After 30 minutes the dark red paste of diazonium sulphate was diluted with ether (100 c.c.), cooled to —5°, 
stirred for 15 minutes, collected, washed with ether, and dried over sulphuric acid in a vacuum desiccator. The yield 
wasegood, but the diazonium salt was contaminated with inorganic material. It gave a red-brown colour with concen- 
trated sulphuric acid, which turned orange-red on dilution, 

(3) Finely powdered 4-nitrobenzeneazo-8-naphthylamine (3 g.) was added gradually to a well-agitated solution of 
sodium nitrite (0-75 g.) in concentrated sulphuric acid (10 c.c.) at 0°; to the paste obtained, glacial acetic acid (30 c.c.) 
was added below 20° during 15 minutes. The diazonium sulphate was igolated as in (2). 

The diazonium sulphates from the following arylazo-f-naphthylamines have been isolated by methods (2) and (3) : 
o-chlorobenzeneazo-, p-chlorobenzeneazo-, 3-nitro-4-methyl-benzeneazo-, and 2-nitro-4-methylbenzeneazo-f-naphthyl- 
amine. They are deep red or red-brown powders which are stable when dry. 

Decomposition of Arylazo-B-naphthalenediazonium Sulphates—(a) By water. 4-Nitrobenzeneazo-f-naphthaléne- 
diazonium sulphate (1 g.) was suspended in glacial acetic acid (15 c.c.) and water (2 c.c.); an immediate slow evolution 
of nitrogen occurred, which was accelerated by heating, and a red substance separated. After the evolution ceased, 
sufficient glacial acetic acid was added to dissolve the product when the mixture was boiled; on cooling, red-brown 
needles of a separated, m. p. and mixed m. p. 250° (Rowe and Levin, J. Soc. Dyers and Col., 
1924, 40, 220, give m. p. 250°). The yield was quantitative (Found: N, 14-1. Calc. for C,;,H,,O,;N,: N, 14-3%). 

2: 5-Dichloro-, p-chloro-, o-chloro-, 2-nitro-4-methyl-, and 3-nitro-4-methyl-benzeneazo-f-naphthalenediazonium 
sulphates similarly afforded theoretical yields of the corresponding azo-f-naphthols. The compositions of the products 
were confirmed by comparison with authentic specimens in conjunction with micro-analyses for nitrogen. It was not 
necessary to isolate the diazonium salt in any of the three methods given; addition of water to the diazo-solution was 
sufficient to cause decomposition with formation of the arylazo-f-naphthol. 

, (b) By ethyl alcohol. 2 : 5-Dichlorobenzeneazo-f-naphthalenediazonium sulphate (0-5 g,) was refluxed with sufficient 
alcohol (40 c.c., not rendered anhydrous) to effect solution of the 2 : 5-dichlorobenzeneazo-8-naphthol formed ; this crystal- 
lised, on cooling, in red, disc-like clusters, mp. and mixed m. p. 184° (Found: N, 9-0. Calc. for C,,H,ON,Cl,: N, 8-8%). 

(c) By stannous chloride. o-Chlorobenzeneazo-f-naphthylamine (3 g.) was diazotised by method (2) or (3); when 
the resulting paste of diazonium sulphate was treated at 0° with a solution of crystallised stannous chloride (7 g.) in 
hydrochloric acid (30 c.c., d 1-16), a dark red precipitate formed. This dissolved«when a further addition of stannous 
chloride (7 g.) in hydrochloric acid (30 c.c., d 1-16) was made and the well-stirred mixture heated on the water-bath. 
The yellowish-green liquid was filtered'and diluted with ice-water. The precipitate thus obtained separated from toluene 

‘in colourless needles, m. p. 196° (decomp. at 197°) (Found: N, 19-2. C,,H,,N,Cl requires N, 18-9%). 

‘Benzeneazo-B-naphthylamine, when diazotised and treated in the same way, yielded Zincke’s white compound (/oc. 
cit.), 305°)" after purification with alcohol, crystallised from toluene in colourless needles, m. p. 204° (Zincke gives m. p. 


(d) By sodium sulphite. When the diazo-solution prepared from o-chlorobenzeneazo-f-naphthylamine was treated 


with exceSs of sodium sulphite solution and heated, nitrogen was evolved. The o-chlorobenzeneazo-f-naphthol obtained 


crystallised from tdluene in orange leaflets, m. p. and mixed m. p. 167°. . 
Preparation of Arylazo-B-naphthalenediatonium Perbromides.—A typical procedure is as follows: 2 : 5-Dichloro- 
benzeneazo-8-naphthylamine (3 g.), dissolved in glacial acetic acid (80 c.c.), is treated with hydrochloric acid (10 c.¢., 
@ 1-16) below 20°, followed by finely powdereg’ sodium nitrite (0-8 g.) added portionwise with vigorous ae * After 
15 minutes the filtered solution is treated with bromine (2 c.c.) in social acetic acid’ (20 c.c.), the well-agitated solution 
kept for a further 15 minutes, and the precipitated perbromide then removed. 
The following compounds were thus converted into perbromides : benzeneazo-, p-bromobenzeneazo-, m-chlorobenzene- 
az0-, p-chlorobenzeneazo-, apd 2-nitro-4-methylbenzeneazo-f-naphthylamines. e yields in all cases were good. 
Decomposition of Arylazo-B-naphthalenediazonium Perbromides by Glacial Acetic Acid.—2 : 5-Dichlorobenzeneazo- 
f-naphthalenediazonium perbromide (2 g.) was added portionwise to hot glacial acetic acid (25 c.c.), and the mixture 


, boiled until evolution Of nitrogen ceased. . The hot filtered solution, on cooling, deposited red needles of 2-bromo-1-2’ : 5’- 


dichlorobenzeneazonaphthalene, m.p. 138°. Yield, 1-27 g. (95%) (Found: N, 7-55. ©,,H,N,Cl,Br requires N, 7-4%). 
. 2-Bromo-1-3’-chlorobenzen hthalene, pre ared by the above method, crystallised from glacial acetic acid in 
red needles, m. p. 123° (Found: N, 8-4. C,, cNCIBr requires N, 8-1%). : 

The authors thank Imperial Chemical Industries (Dyestuffs) Ltd. for gifts of chemicals. 
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84. The Inter-relation of First- and Second-order Asymmetric Transformations. 
. By Marcaret M. Jamison and E. E. TURNER. z 


The brucine salt of ‘2. a-hydroxyisopropyl)di hen 1-2-carboxylic acid undergoes first-order asymmetric 
dacid being optically the more stable. Since, therefore, 


* It is important to define first- and second-order asymmetric transformations as here used. A configuratively 
unstable substance in solution (or in the liquid state) consists of equal quantities of the d- and the /-form. On addition 
of a second (but optically stable) d (or 1)-compound which combines with the first substance to form a pair of diastereo- 
isomerides, an equilibrium is set up in which one diastereoisomeride predominates to a greater or less extent. «[he setting 
of this equilibrium we have called a first-order asymmetric transformation, and our definition agrees with Kuhn’s 
(Ber., 1932, 65, 49) in so far as it recognises the necessity of the second, optically stable, substance for the retention of 
optical activity in the configuratively unstable compound. Only in very rare instances will first-order asymmetric 


transformation approach complete change into one or other diastereoisomeride, because of the small energy differences 
controlling these processes in general. : 


On the other hand, second-order asymmetric transformation; in any case in which interconversion of diastereo- © 


isomerides is possible (first-order transformation) and crystallisation can be induced, may be expected to be almost 
quantitatively realisable, and to give one diastereoisomeride in the optically pure, crystalline condition. That the optical 
activity of the configuratively unstable compound, wheh this is removed from combination with the optically stable 
substance, should be detectable by a physical measurement, is immaterial for the purpose of definition of terms, although 
it was mainly on this arbitrary point that Kuhn based his distinction between the two types of transformation. 

It is unfortunate that “ first’ and “‘ second ” are used in the present sense in view 0 
term; used in dealing with the kinetic aspect of first-order asymmetric ions. 
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this shows that the less stable salt is brucine /-acid, the latter shouldbe the first to separate if crystallisation could 
be induced. This has been verified, and the experiments now recorded constitute the first example of the 
application of the van’t Hoff—Dimroth rule to asymmetric transformation in which both first- and second- 
order changes can be realised. In no previous work has it been possible to observe both first- and second- 
order changes without alteration of solvent. . 


Tuts work is an extension into the dipheny] series of the investigation of the equilibrium existing in solution 
between the two diastereoisomeric salts ofan unstably optically active acid and a stably active base (Jamison 
and Turner, J., 1938, 1646; 1940, 264), and an exploration of the relationship between the direction in which 
the equilibrium is displaced from the mean position and the sign of the rotation of the salt crystallising if 
asymmetric transformation of the second order should take place. 

An apparently suitable diphenyl derivative, 2’-(a-hydroxyisopropyl)diphenyl-2-carboxylic acid, had already 
been examined by Corbellini and Angeletti (Atti R. Accad. Lincei, 1932, 15, 968), who were interested in the 
second-order asymmetric transformation of its brucine salt from alcoholic solution as an easy method of obtain- 
ing the optically active acid. These workers observed the “‘ racemisation ”’ of the salt, brucine /-acid, in chloro- 
form solution, but failed to see the finer point of its first-order asymmetric transformation in that solvent. 
Boiling an alcoholic solution of dl-2'-(a-hydroxyisoprdpyl)diphenyl-2-carboxylic acid with brucine (1 mol.) 
and allowing it to cool, they obtained the salt, brucine /-acid, having m. p. 217°, in 83-3% yield; evaporation 
of the mother-liquor gave a further levorotatory crop, rather less pure. It is now found that by modifying 
the quantity of alcohol used and the duration of crystallisation, a yield of 97-6% of brucine /-2’-(a«-hydroxy- 
isopropyl)diphenyl-2-carboxylate can be obtained in the first fraction. 

Corbellini and Angeletti found that their brucine /-acid salt in chloroform solition mutarotated in the 
dextro-direction, [a«]#" = — 35-35° (c = 1-6688; 1 = 1) changing to [«]#° = — 2-39° during 64 hours. After 
3 hours’ boiling of a similar solution the specific rotation became —1-87° at 24° (c = 1-600; / = 1), a value 
so like the rotation of the solution of the partial racemate (made by taking equimolecular quantities of the 
dl-acid and brucine in chloroform solution), viz., [a]? = —1-88° (c = 15980; / = 1), that they assumed 
unquestioningly that it had the same composition. On considering these results in the light of other work 
on the effects due to a difference of free energy in mutually interconvertible diastereoisomerides (summarised 
and discussed by Jamison and Turner, loc. cit.), it appeared to us that they were unlikely to be correct unless 
the free energies differed to only a very small degree. The mutarotation experiments were therefore repeated, 
with the following results: the brucine /-acid salt dissolved in pure dry chloroform mutarotated during 100 - 
hours from [«]#i¢?” = —47-04° to + 1-46° (c = 6-835; 1 = 2; the first reading was made 25 mins. after wetting 
with solvent). The first-order velocity constant of mutarotation was found to be k™18 — 0-0277 (logj9, hours~), 
whence the half-life period is 10-9 hours. A chloroform solution containing 1 mol. each of brucine and dl-acid 
in the same concentration was then prepared in order to find the specific rotation of the partially racemic salt. 
Experience with other optically unstable diastereoisomerides led to the expectation that the observed rotation 
would change, and that its velocity constant would be equal to that of the mutarotation of the salt. The 
rotation of the solution was therefore read 6 mins. after fits preparation, [«]?igq*" = —5-08°, and at intervals 
during 51 hours; the final value was +41-90°; the half-life peridd of the change was 10-75 hours, sufficiently , 
good agreement with that of the salt to confirm the supposition that an optical activation or first-order asym- 
metric transformation had been observed, and that the equilibrium, brucine d-acid == brucine /-acid, at 
25-15°-(c = 6-835 in chloroform) consisted of approximately 58% of the d-acid salt and 42% of the /-acid salt. 
The equilibrium position was altered by the addition of a further molecule of dl-acid; whereas the observed 
rotation of the solution containing 1 mol. each of acid and brucine changed from —0-695° to —0-26° at 25-15, 
the one containing 2 mols. of acid and 1 mol. of brucine mutarotated from +0-745° to +1-475° (J = 2), this 
change, which was more rapid than the other, being according to the first-order law, and the half-life ‘period 
being 7-5 hours. 

The rotation of the equilibrated chloroform solution 6f the brucine salt had Py fairly large temperature 
coefficient, and therefore efficient temperature control during measurements was essential. Temperature 
variations would not, however, be sufficient to account for the discrepancies between our results and those of 
Corbellini and Angeletti, so another cause was sought and found in the ease of formation under certain conditions 
of the lactone of 2’-(«-hydroxyisopropyl)diphenyl-2-carboxylic acid. This compound should be capable of 
existing in optically active forms which would be unracemisable except by a mechanism involving the splitting 
of the lactone ring. Owing to the absence’of a salt-forming group, actual or potential, in the molecule, the 
lactone could be obtained in optically active forms only by asymmetric synthesis, and numerous attempts 
were made to effect this (e.g., dry hydrogen chloride was passed into a well-cooled solution of the /-salt; the 
l-acid was treated with acetic anhydtide; the di-acid was heated with d-camphor-10-sulphonic acid), but in 
each case the lactone obtained on working up the product was optically inactive. It seemed safe to assume 
from these experiments that the optically active lactones could not be prepared without difficulty, although 
the following experiments demonstrate that the racemic lactone can be obtained extremely easily. A solution 
of the brucine /-2’-(«-hydroxyisopropyl)diphenyl-2-carboxylate in pure dry chloroform (c = 6-8355; / = 2) 
had an initial rotation, [a]23°, of —6-52°; -after 3 hours’ heating at 78° this rose to —0-86°, but after a further 

+ hour’s heating at the same temperature it fell dgain to —1-02°; after 7 hours at 100° it became —5-78". 
In another experiment (c = 5-945; / = 2) the initial rotation [a]#° was —5-67°; after 34 hours at 100° ina 
sealed tube water had visibly separated, and the dried solution had [«]252° = —6-72°; after 59 hours at 100° 
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it was —7-36°. If the salt had entirely decomposed to fotm inactive lactone and free brucine, and if the 
rotation of brucine in chloroform (fa]?i4° -* —145-6°) is unaffected by the presence of the lactone, then the 
observed figure would be —10-51°. From these solutions optically inactive lactone, m. p. 124—125°, was_, 
obtained. There is therefore little doubt that decomposition of this kind with the release of free brucine was 
responsible for, the negative figure recorded by Corbellini and Angeletti for the final value of the mutarotation 
after boiling. No doubt slight decompositions of this kind account for the small disagreements in the final 
specific rotations here recorded (+ 1-46°, +1-90°), but the degree of lactone formation under the conditions 
used for the mutarotations at 25-15° must be extremely small, since it does not interfere appreciably with the 
determination of the first-order rateconstant. All the equilibrated solutions on long keeping developed negative 
rotations. ~ ' 

The behaviour of 2’-(«-hydroxyisopropyl)diphenyl-2-carboxylic acid in chtoroform solution in presence of 
prucine therefore falls into line with our own previous work. The effects aré not restricted to brucine salts; 
mutarotation in the dextro-direction is observed with quinidine and the dl-acid in molecular proportion in 
chloroform solution, and in the levo-direction with quinine or cinchonidine. ; 

Decomposition of the brucine /-acid salt by dissolving it in formic acid and quickly pouring the solution 
into water gave a specimen of /-2’-(«-hydroxyisopropyl)diphenyl-2-carboxylic acid, having m. p. 134—135°, 
(a]s1 = —23-9° in chloroform 2 mins. after wetting with solvent (c = 0-5867; 1 = 2). The rotation fell to 
zero during 4 days, the process having a half-life period of 12-4 hours; it therefore racemises more slowly than 
the brucine salt mutarotates. Similar decomposition of equilibrated solutions of the brucine salt gave products 
in which activity could not be detected, presumably. because of the rather low specific rotation of the acid and 
the fact that the theoretical maximum optical purity in the specimen would be approximately 16%. 

Perhaps the most interesting observation of this whole investigation is one which correlates the position of 
equilibrium between the d- and /-acid salts in solution with their solubilities in the same solution. Since, in 
chloroform, the brucine d-acid salt is more stable than the brucine /-acid salt, the van’t Hoff—Dimroth rule 
demands that the brucine J-acid salt should be less soluble in this solvent, in absence of any interfering factors 
(Jamison and Turner, Joc. cit.). Thus it has been possible for the first time to demonstrate the applicability 
of the van’t Hoff—Dimroth principle to the relationship between first- and second-order asymmetric trans- 

,formations. An equilibrated chloroform solution of the brucine salt, [«]i%a* = + 1-46°, was.rapidly evaporated 
to dryneSs on a steam-bath, crystallisation being accelerated by continuous stirring. The salt obtained, 
m. p. 214—215°, had [«]z%° = —29-7° in chloroform (c = 59415; / = 2) read 7 mins. after dissolution. The 
solution mutarotated at 20-5° during 7 days, the final value of [a]2%5° being +1-51°; this shows fhat the negative 
rotation observed was due to brucine /-acid salt and not to liberated brucine. 


EXPERIMENTAL. 


(Except in the experiments on the temperature coefficient, all measurements of a were made at 25-15°. All values 
of a or [a] relate to A 5461, and all values of & are in terms of Briggsian logarithms and hours-—".) 

Preparation of 2’-(a-Hydroxyisopropyl)diphenyl-2-carboxylic Acid.—The method of Corbellini and Angeletti (los. cit.) 

was improved as follows: 19 g. of diphenic anhydride were added in ethereal suspension during 10 mins. to a well- ° 
shaken Grignard reagent previously made from 4-3 g. of magnesium, 36 g. of methyl iodide, and 250-c.c. of ether. The 
mixture was boiled under reflux on the water-bath for 6 hours, cooled, treated with dilute acetic acid, and extracted with 
ether. The ethereal solution was extracted with concentrated aqueous sodium carbonate, and dilute hydrochloric acid 
added to the extract until precipitation was complete. The solid mass was at once filtered off, well washed with warm 
water, and dried in a vacuum over sulphuric acid. It was then crystallised rapidly from benzene, 8 g. of acid, m. P- 
137—138°, being obtained. Purification through the lactone as. recommended by Corbellini and Angeletti , 
unnecessary. 
Brucine 1-2’-(a-Hydroxyisopropyl)diphenyl-2-carboxylate.—1-968 G. of dl-acid (1 mol.) were dissolved in 5 ¢.c. of absolute 
alcohol, 3-030 g. of anhydrous brucine added in 10 c.c. of alcohol and washed in with a further 3 c.c. The solution was 
heated under reflux on a water-bath fow10 mins. and left to cool overnight. The brucine /-acid salt was filtered off 
and after being dried in a vacuum had m. p. 223°. Yield, 4-8790 g. (97-6%). Evaporation of the mother-liquor gave 
0-09 g. of less pure salt. / ‘ 

Mutarotation. (All mutarotations were carried out in pure dry chloroform.) (1) c = 6-835; 1 = 2; temperature 
thermostatically controlled in a water-jacketed polarimeter tube; 25 mins. after first wetting salt with chloroform, 
[a] = —47-04°; after 1@Q hours, [a] = +1-46°; k = 0-0277 (limits, 0-0265, 0-0293). 

(2) c = 6-835; 1 = 2; 20 mins. after first wetting with solvent, [a] = —47-80°; after 100 hours [a] = +1-46°. 

~ 

. a,obs. 104k. Time,hrs. a,obs. 104k. 
—1-42° 269 —0-77° 272 
—1-31 271 —0-15 273 
—1-21 272 . ‘—0-105 274 
271 —0-095 266 
—1-04 (272 —0-06 272 
—0-98 270 —0-02 275 
—0-90 271 +0015 279 
—0-83 272 +0-20 


Mean k = 0-0269. Half-life period, 11-2 hours. 

Optical Activation of dl-Acid by Brucine in Chloroform.—(1) 0-4038 G. of dl-acid (1 mol.) and 0-6215 g. of anhydrous 
brucine (1 mol.) were dissolved to 15 c.c. in chloroform; ] = 2; 6 mins. after wetting mixture with solvent, [a] = —5-08°; 
after 51 hours [a] = +1-90°. 
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10k. Time,hrs, a,obs. 10%. Time,hrs. a,obs. 10k. Time,hrs. a, obs. 
— 4-5 —0-47° 259 4-0-32° . 26-5 +0-10° 
258 —0-44 270 —0-30 28-5 +0-11 
270 *—0-42 268 —0-28 29-5 +0-12 
279 —0-39 279 —0-26 305 $+0-13 
286 —0-37 278 23- +0-07 31-5 +0-14 
“275 —0-34- _ 288 25- +0-08 51-0(0) +0-26 
255 

(Each recorded reading in this and all other mutarotation experiments is the mean of many separate readings.) 

Medan k = 0-0280. Half-life period, 10-75 hours. 

(2) 0-8076 G. of dl-acid (2 mols.) and 0-6215 g. of anhydrous briitine (1 mol.) were dissolved to 15 c.c. in chloroform, 
Temperature, 25-15°; 1 = 2; a (gad first 10 mins. after making up the solution) changed from +0-745° to +1-475°; 
k = 0-0399 (limits 0-0369, 0-0426)._ Half-life period, 7-5 hours. . 

Temperature Coefficient of Equilibrated Brucine Salt in Chloroform Solution (c = 6-835; | = 2). Readings were made 
as soon as the solution had attained the required temperature, without allowing time for any possible change in the 
equilibrium position to assert itself. 
4-3° 8-85° 14-4° 20-1° 25-0° 29-2° 

+0°51° +0-38° +0-22° +0-07° —0-05° 

There is therefore an almost linear relationship between rotation and temperature between these limits. 

Racemisation of 1-2’-(a-Hydroxyisopropyl)diphenyl-2-carboxylic Acid.—2 Mins. after wetting with solvent [a] = 
—23-9° (c = 0-5867; J = 2) in chloroform, falling to zero in 4 days. First-order velocity constant, k = 0-0242 (limits 
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‘Fluorine. 
THE TILDEN LECTURE DELIVERED ON FEBRUARY 19TH, 1942. 
By H. J. Emerévs. 


Tue first preparation of fluorine will always rank among the triumphs of experimental chemistry. When 
Henri Moissan commenced his investigations in 1884, the element had long been recognised as a halogen, but 

all attempts to isolate it by chemical means had failed on account of its high reactivity. The prospect of 
success must have seemed very slight, but twelve years of painstaking work brought him to his goal, and in 
1896 he announced the isolation of fluorine by the electrolysis of a solution of potassium fluoride in anhydrous 
hydrogen fluoride. The principle of this method, viz., rendering anhydrous hydrofluoric acid conducting by . 
dissolving in it a metallic fluoride, forms the basis of all present-day electrolytic methods, and it is significant 
that no satisfactory chemical means of preparing fluorine has as yet been found. 

The early days of fluorine chemistry proved that the key to success lay in the development of suitable 
manipulative methods. Moissan was responsible for much progress in this direction, and was able to examine 
qualitatively many of the reactions*of the new element. When, in the period 1902—1904 he gradually 
turned his attention to other topics, the field was left with its salient features well defined, but with detail 
still obscure. By a fortunate coincidence an equally gifted experimenter, Otto Ruff, was then at the start 
of his career, and the new element and its compounds afforded him almost unlimited scope. Ruff made 
fluorine chemistry his life work, and the school which he created had virtually a monopoly of the subject for 
some two decades, and indeed has played a leading part right up to the present time. 

In selecting Fluorine as the subject for review in this Tilden Lecture, I have had in mind the rapid 
developments of recent years. Many laboratories now have facilities for experimental work on fluorine 
and its compounds, and though muclf remains to be done, there has been for some time a growing interest in 
both the academic and the technical aspects of the subject.. It is my hope that this lecture, which will deal 
with the all-important experimental aspects of fluorine chemistry, with which I have had some contact, may 
perhaps interest yet others in this field. - 

The preparation of fluorine in the laboratory is possible, as far as is known, only by the electrolytic 
method. Moissan’s original cell consisted of a platinum U-tube of about 100 c.c. capacity fitted with fluorite 
stoppers which carried platinum-iridium electrodes. The electrolyte was a solution of potassium fluoride in 
anhydrous hydrofluoric acid in the molecular proportion of 1 : 12, and the whole cell was cooled to —30° in 
order to minimise loss of the low-boiling acid by evaporation (see Moissan, ‘‘ Le Fluor’’). Suitable ogly for 
small scale work, this cell was costly to run, for some 6 8. of anode material were dissolved for each g. of 
fluorine generated. Moissan later substituted copper for platinum as the constructional material of the 
U-tube and developed cells which gave up to 3 1. of fluorine per hour, but the electrodes were unaltered and - ° 
the method remained ely and little fitted for general use. 

, Ruff made only small modifications in the copper cell, and appears to have used it for Some 20 years in : 
spite of the need for ans the electrolyte. Not until. 1919 was there any major change, and in that year 
Argo, Mathers, Humiston, and Anderson published details of a new cell in which the electrolyte was the 
molten acid potassium fluoride, KF,HF, contained in a copper pot (J. Physical Chem., 191% 28, 348). This 
was a big advance, for, although the principle of Moissan’s cell was employed, it was possible to use a carbon 
anode, which was only slightly attacked at the temperature of operation (240—280°). The copper pot itself 
was made the cathode and was separated from-the anode by a perforated copper diaphragm. Various 
modified designs for cells using this electrolyte have since been published. We have ourselves obtained 
highly satisfactory results with a copper cell described by Simons (‘‘ Inorganic Syntheses,”’ Vol. I, Editor, 
H. S. Booth, 1939), which was operated with a current of 10 amps. at about 8 volts. It was possible by 
increasing the cell dimensions and by employing a group of three graphite rods for the anode to run it at 
amps. A further point of interest is that an insulating cement for the anode made by drying a paste of 
alcium fluoride and sodium:silicate (Denbigh and Whytlaw-Gray, J. Soc. Chem. Ind., 1934, 58, 139) has 
proved itself superior ‘to Portland cement, which was recommended by Simons. 

There is little to indicate the relative merits of other cells charged with KHF, which have been described. 

A V-shaped cell constructed of copper tubing described by Dennis, Veeder, and Rochow (J. Amer. Chem. 
Soc, 1931, 58, 3263) should prove useful for the small-scale production of fluorine. Schumb and Gamble 
ibid., 1930, 52, 4302) have used a cell constructed of Monel metal, but otherwise similar to the Simons cell: - 
These authors’ statement that copper does not resist attack by the molten electrolyte is not, however, borne 
out by our experience. The nickel cell described by Miller and! Bigelow (ibid., 1936, 58, 1585) has the 
ivantage that it is closed by a tightly fitting lid which protects the electrolyte from atmospheric moisture. 
This is a matter of great importance when pure fluorine is required, for a damp electrolyte gives gas con- 
laminated with oxygen,-ozone, and fluorine monoxide in addition to carbon and silicon fluorides. Other 
ells operating in the same temperature range are constructed of silver (Fredenhagen, Z..Elektrochem., 1929, 

%, 670), magnesium (Jones, J. Physical Chem., 1929, 38, 801), or graphite (Meyer and Sandow, Ber., 1921, 


4, 759; Fichter and Humpert, Helv. Chim.. Acta, 1926, 9, 467), hut it is not apparent that Seid have any 
special advantages. 
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As an alternative to the acid fluoride KHF,, a second acid fluoride KF,3HF (m. p. 65°) may be used, 
This was first suggested by Lebeau and Damiens (Comp. rend., 1925, 181, 917). It is prepared in the fluorine 
cell as required by the addition of the requisite quantity of anhydrous hydrogen fluoride to potassium fluoride 
or its monoacid salt. This can be done only if the anhydrous acid is readily available in quantity, but, if so, 
the preparation and regeneration of the electrolyte are comparatively simple matters. A convenient cel] 
operating in this way is described by Cady (“‘ Inorganic Syntheses,’’ Vol. I, p, 142), and has an outer Monel. 
met&l pot, which is made the cathode, a copper diaphragm, and a nickel anode. The use of a metal electrode 
eliminates a major drawback of the high-temperature cell, viz., the formation of carbon fluorides in the 
course of the electrolysis. Mild steel can replace Monel for the outer vessel, as it has a high resistance to 
attack by either the electrolyte or gaseous fluorine. .This type of cell is best constructed with a closed lid 
and should be fitted on both the anode and .the cathode side with a coil cooled in solid carbon dioxide to 
condense and return hydrogen fluoride vapour to the electrolyte. Several modifications have been described, 
but the only one calling for special mention is that of Henne (J. Amer. Chem. Soc., 1938, 60, 96), who has 
developed a particularly robust V-shaped unit made of copper tubing, with graphite electrodes. Simplification 
of the cell so as to allow a rapid interchange of anode made it possible to overcome the difficulty arising from 
the formation of a glassy silicate coating on the anode. This arises from silicates contained in acid potassium 
fluoride, and its removal by a preliminary electrolysis, followed by the insertion of a fresh graphite anode, 
greatly simplifies the production of fluorine from the salt KF,3HF. 

Progress in the laboratory leads naturally to the enquiry as to whether fluorine can be made on a large 
scale and, what is more important, whether there is any major industrial use for it. The patent literature is 
usually an ursatisfactory guide to industrial practice, but it is quite evident that cells operating with the 
two types of electrolyte mentioned above have been closely considered,’if indeed such cells have not been 
used. Important details such as the insulation of the electrodes and the construction of low-resistance 
diaphragms for cells taking a high current have been covered by patents, and the difficulties in making 
fluorine on a large scale should be no greater than those encountered with other fused electrolytes, particularly 
as the use of mild steel as a constructional material is possible. Whether or not fluorine is made in quantity 
depends much more on its potential applications. At present these are non-existent, but it is possible that 
further progress may lead ultimately to the establishment of a major industry. 

Before reviewing the reactions of gaseous fluorine, we may consider briefly the laboratory manipulation 
of the element. It attacks soft glass rapidly, and although Pyrex has a certain resistance it is slowly corroded, 
especially at points where it has been worked in the blowpipe. For most purposes therefore the use of glass 
apparatus is inadvisable and one has to employ either metals or fused silica. There is as yet comparatively 
little information about the resistance of plastics to fluorine. Copper and steel tubing joined by screwed, 
sleeve, or flanged joints are completely satisfactory for operations with the dry gas, and tubes of the same 
materials may also be used in studying many reactions. Fused silica is equally resistant to gaseous fluoriné, 
and apparatus constructed entirely of this material is best used when it is desired to purify the gas by 
liquefaction and fractionation. This type of manipulation is well illustrated by Kanda’ s work on the pro 
perties of liquid fluorine at low temperatures, in which a number of the physical ‘properties, including 
vapour pressure, viscosity, and surface tension, were studied (Bull. Chem. Soc. Japan, 1937, 12, 
416, 455). 

Up to 200—800° the common. metals resist attack by fluorine, but at higher temperatures the platinum 
metals must be employed. Above a red heat, free fluorine is so reactive that only vessels specially constructed 
of moulded fluorite will resist it (cf. Ruff and Riebeth, Z. anorg. Chem., 1928, 178, 373; 1929, 179, 166). 
Fortunately, the high reactivity of fluorine is not shared by the majority of its compounds, which for the most 
part may be handled in glass apparatus. Some, however, are as reactive as, or more reactive than, fluorine 
itself and necessitate the use of fused silica or metal apparatus. A number of the substances discussed 
fall within this class, and further reference will be made to their manipulation. 

Among the reactions of fluorine with the non-metals, the direct formation of fluorides of the other halogens 
is of particular interest because of their great reactivity. The discovery of the chlorine fluorides was in4 
sense accidental. In the course of experiments on the fluorination of uranium and the platinum metals by 
fluorine—chlorine mixtures, Ruff found that explosions in the gas mixture sometimes occurred. They weft 
traced to an exothermic reaction between the two halogens, which were found to react explosively whet 
sparked : indeed, it was even possible to burn fluorine in chlorine. Two reaction products, CIF and CIF, 
which were similar in type to known interhalogen compounds were subsequently isolated, and fluorides both 
- of bromine and of iodine were also obtained, the boiling points of which areshown in Table I. 


TABLE J. ~ 
Boiling Points of the Halogen Fluorides. 
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The chlorine fluorides are readily prepared by passing a mixture of the two halogens through a copper 
reaction vessel heated to 250° (Ruff et al., Z. anorg. Chem., 1928, 176, 258; 1930, 190, 270; 1932, 207, 46; 
Z. angew. Chem., 1928, 41, 1289. See also Fredenhagen and Krefit, Z. physikal. Chem., 1929, 141, 221). An 
equilibrium mixture results in which the ratio CIF : CIF; is about 4:1. The difference in boiling points is 

so great that separation by fractional distillation and condensation .in a series of fused silica condensation 
traps is a simple matter... Copper and steel vessels are also quite serviceable, although glass is rapidly 
attacked. The bromine fluorides are prepared and purified in much the same way by mixing in a copper 
tube streams of fluorjne and of bromine vapour carried by nitrogen (Ruff et al., Z. anorg. Chem., 1931, 202, 
49; 1932, 206, 59; 1933, 214, 81, 91). The tube becomes warm at the point where the gases mix, and under 
these conditions the trifluoride is the chief produtt. At 250° the pentafluoride is formed, and at 0° the 
unstable monofluoride results. Of the iodine derivatives, the pentafluoride was first-prepared by Gore by 
the reaction of iodine and silver fluoride (Phil. Mag., 1871,°41, 308). It is, however, anore readily prepared 
in 4 pure state by the direct fluorination of iodine, and’ it was while preparing the compound by ‘this. nfeans 
that Ruff and Keim noticed the formation of small amounts of an iodine—fluorine compound whiclt was more 
volatile than the pentafiuoride. When this observation was followed up, the preparation of a heptafluoride 
by heating the vapour of the pentafluoride With fluorine to 250° in a platinum apparatus was soon 
accomplished (Z. anorg. Chem., 1930, 193, 176). 

These compounds are remarkable, for their reactivity exceeds that of fluorine itself. As Ruff me, 
they react explosively with most organic substances, and numerous inorganic compounds either inflame or 
react with great vigour. This may be demonstrated by pouring bromine trifluoride on wood, which 
immediately inflames at the point of contact, or on asbestos, which becomes incandescent. The primary 
reaction is in each case fluorination-and not oxidation. 

Fluorides of @ther non-metallic elements also have many interesting properties, as regards both their 
constitution and their stability. With the exceptions of nitrogen and the rare gases, all non-metals react 
‘directly with fluorine, though there may be alternative methods of preparing their fluorides (see below). In 
Table II the formule of the chief non-metallic fluorides are given, together with their boiling points in 
parentheses. They are m general very much more volatile than the an pagrates chlorides. In the higher 
fluorides, too, the maximum | vajency of the element is invoked. 


TABLE II. 


ists of the Non-metallic Elements. 


- Fluorides. 
BF, 101°) 
CF, (—130°), C.F, (—78°), C,Fy, etc., 
SiF, (sublimes — 95-7°) 
NF, (—130°) 
PF, (—84-5°), PF, (—101°) 


AZLOw 


O,F, 

SF, (sublimes —63-8°), SF, (M409, S,F, (?), SF, (?) 
(sublimes —46-6°), SeF, (90-6%) 

TeF, (subfimes —38-9°) 


Of these fluorides, the first, boron trifluoride, calls for little comment. It is formed by fluorinating boron : 
the reaction has not been closely studied and it is possible that by working up large quantities of the product 
other less volatile boron fluorides might be isolated. Thé laboratory preparation, of the trifluoride is more 
smply carried out by the action of concentrated sulphuric acid on a mixture of sodium fluoborate and boric 
oxide. The compound is used technically as a catalyst in organic condensatjon reactions. 

Carbon fluorides are best obtained by direct fluorination of the element, though they also result from the 
high-temperature fluorination of many organic compourids. Carbon will burn if it is strongly heated in fluorine, 
and this reaction was shown by Mbissan to yield mainly the tetrafluoride. It has been more completely 
studied by Ruff and his co-workers (Ruff and Keim, Z. anorg. Chem., 1930, 192, 249; Ruff and Bretschneider, 
ibid., 1934, 217, 1), who obs@rved that when carbon was heated in a stream of fluorine under conditions such 
that it did not ignite, violent explosions were liable to occur. These were traced to the explosive decom- 
position of a solid carbon monofluoride (CF),, which results when ‘graphite i is saturated with fluorine at 420°. 
Particular interest attaches to the structure of this solid fluoride, for X-ray examination has shown it to be 
an interstitial conipound formed by the introduction of fluorine atoms between the basic planes of the 
graphite lattice. The spacing of the latter,is increased by the jresence of fluorine fram 3-40°to 8-17 a., and 
this naturally leads to a considerable swelling of the solid. Carbon monofluoride may also be formed from 
the graphite anode of a fluorine cell, if the latter is operated at too high a temperature and under polarising 
conditions, and is probably an intermediate in the cree seanaes of carbon fluorides when the cell is operating 
normally. 

In the decomposition of carbon monofluoride or the direct fluorination of carton, Ruff showed that a 
mixture of fully fluorinated hydrocarbons was formed. ThéSe ranged-in composition from CF, to C,F,, 
and included C,F,, though no aromatic derivatives were obtained. The full study of these interesting 
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substances is, however, due to Simons and Block (J. Amer. Chem. Soc., 1939, 61, 2962), who ——— that 
. the direct fluorination of solid carbon may be conducted without risk of explosion if the carbon is firs 
impregnated with 1% of a mercury salt.. No explanation of the action of the latter has been offered. The 
products, which were collected in quantity and carefully separated, ranged in composition from CF, to C,F,, 
and all shared the remarkable chemical] inertness of carbon tetrafluoride. The hame fiuorocarbons has tone 
given to the series, which clearly bears more than a superficial resemblance to the aliphatic hydrocarbons, 
Unsaturated fluorinated hydrocarbons and carbon chlorofluorides, it may be noted, de not share the inertness 
of the fluorocarbons. -There is also no indication that an analogous series of silicon fluorides exists, for 
attempts to prepare octafluorosilicopropane have invariably resulted in the breaking of the Si-Si linkage 
(unpublished experiments by C. J. Wilkins). 

Of the fluorides of Group VB elements, nitrogen trifluoride is especially interesting because of its low 
reactivity. It was among the first fluorine compounds which Ruff attempted to isolate in 1903 (Ruff and 
Geifel; Ber., 1903, 36, 2677; Ruff, Fischer, and Luft, Z. anorg. Chem., 1928, 172, 417), but it was not unti] 
25 years later that he obtained it by electrolysis of the molten acid ammonium fluoride NH,F,HE in a copper 
cell with a graphite anode. Two other compounds, NH,F and NHF,, which are formed in small amounts 
in the course of the electrolysis, ate both reactive and toxic, and are much closer to nitrogen trichloride in 
their properties. The stability of the trifluoride is associated with a positive heat of formation which in 
turn depends on the-N-F bond characteristics. , 

It is hardly necessary to dwell at great length on the properties of the fluorides of the remaining non- 
metallic elements. The oxygen fluorides are comparatively new to chemical literature and jit is interesting 
to recall that the simplest of them, F,O, is formed in appreciable quantities whenever a fluorine cell is 
operated with a moist electrolyte. Not until 1927 was this fact realised {Lebeau and Damiens, Compt. rend, 
185, 652), however, and then the new oxide was quickly prepared and characterised (idem, ibid., 1929, 188, 
1253; Ruff and Menzel, Z. anorg. Chem., 1930, 190, 257; 1931, 198, 39; Dennis and Rochow, J. Amer, 
Chem. Soc., 1933, 55, 2931; Cady, ibid., 1935, 57, 246). Its formation by bubbling a stream of fluorine 
through a 2% solution of sodium hydroxide by means of a platinum tube dipping just below the surface of 
the liquid is remarkably simple once a fluorine cell is in operation, and since the gas does not attack glass it 
may readily be manipulated by the usual vacuum methods. The -ine of fluorine monoxide when 
compared with chlorine monoxide is also striking, for the former does not ufider amy conditions explode 
: though it is a strong oxidising agent. The other fluorine oxides are less stable, thongh they too are non- 
explosive. The oxide F,O, is formed when a mixture of fluorine and oxygen is passed through an electrical 
discharge in a silica tube cooled in liquid air (Ruff and Menzel, Z. anorg. Chem; -1933, 211, 204) and is stable 
only below — 40°. Above this temperature it decomposes into a mixture of fluorine and oxygen. The same 
is true of the oxide F,O;, which is said to be formed when a mixture of tiquid fluorine and liquid oxygen is 
exposed to ultra-violet light (Aoyama and Sakuraba, J. Chem. Soc. Japan, 1938, 5@ 1721). None of the 
oxyacids of fluorine or their salts have so far been satisfactorily characterised, thodgh some indications of 
their existence have been/obtained (Dennis and Rochow, J. Amer. Chem. Soc., 1932, 54, 832; Cady, ibid,, 
1934, 56, 1647; Ruff, Ber., 1936, 69, 181). This is a point which needs closer investigation, for it is hardly 
conceivable that oxyacids are not formed under suitable conditions. 

Sulphur, selenium, and tellurium all yield several fluorides, the best known being the hexafluorides SF, 
SeF,, and TeF,. These share with the little-knowf compound SyF io, described by Denbigh and Whytlaw- 
Gray (J., 1934, 1346), a high measure of chemical inertness which is similar to that of nitrogen trifluoride. 
~ All are formed by direct fluorination of the respective elements, though disulphur- decafluoride results only 

in=very small yields. The lower fluorides are far more reactive, though their chemical investigation 
is as yet far from compitete. rs 

With regard to the metallic fluorides, it will be evident that for the most part they may be produced 
without the aid of elementary fluorine; indeed, many were known long before fluorine was isolated and are 
much more readily formed by the use of hydrofluoric acid. One feature of the reaction of fluorine with the 
metals may, however, be mentioned, as it illustrates an important characteristic of the element. The metals 
react to give fluorides in which the maximum covalency is operative. Examples are compounds such as 
argentic fluoride, cobaltic fluoride, and the higher fluorides of the platinum metals. Neither bivalent silvet 
nor tervalent cobalt salts, are normally formed unless the higher valency state is/stabilised by co-ordination. 
On the other hand, passage of fluorine over either silver or cobaltous chloride results in an exothermic reaction 
and complete conversion of the chloride into the higher fluoride of the metal. These two compounds are 
among the most readily available of the higher fluorides and they may be used as fluorinating agents. 

The fluorides of the platinum metals, the formule of which are given in Table III (Ruff, Ber., 1936, 69, 
188), illustrate still further the tendency t®form high-valency metallic fluorides, which ‘is so strong, indeed, 


Taste III. 
Fluorides of the Platinum Metals. 
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that difficulty is experienced as a rule in obtaining lower fluorides. Some of the fluorides are very volatile, 
iridium hexafluoride, for example, boiling at 53°. The constitution is governed primarily by the possibility 
of packing the relatively small fluorine atoms round the metal atom. The higher fluorides evolve fluorine 
when strongly heated, though the temperature of decomposition is usually so high that the containing vessel 
is attacked. 
r Direct fluorination of orgasfic compounds was thought until comparatively recently to result always in 
vigorous or explosive reactions, accompanied by charring, and accordingly was not considered as a means of 
preparing organic fluorides. Recent investigations have shown, however, that the reactions can be moderated 
and indeed made to give useful yields of certain products. ‘The first experiments of this sort were.made by 
Humiston (J. Physical Chem., 1919, 28, 572), who sought to control the reaction of fluorine with various 
inorganic substances by dilution with nitrogen or carbon dioxide. The past ten years have seen a renewed 
and far more successful attack on the problem, particularly by Bigelow and his co-workers (J. Amer. Chem. 
Soc., 1933, 55, 4614; 1934, 56, 2773; 1937, 59, 198, 2072; 1938, 60, 427; 1939, 61, 3552; 1940, 62, 267, 
1171, 3302; 1941, 68, 788). Their first experiffents involved fluorination-of aromatic compounds suspended 
or dissolved in carbon tetrachloride in a massive copper apparatus. This gave complex mixtures of products 
and the solvent was slowly attacked. In later experiments a method of vapour-phase fluorination was. 
evolved, a stream of fluorine diluted with nitrogen being allowed to react with a gaseous organic compound, 
or an organic vapour, in a metal tube packed with copper gauze. This procedure,eliminates all risk of 
explosions, which otherwise occur, and has given products which, though usually complex, have as a rule 
been fully characterised. Among the substances so far fluorinated are methane, ethane, ethyl chloride, 
acetone, and hexachlorobenzene. From ethyl chloride, to quote one example only, the products were CF,, 
CF,Cl, CF,°-CF,Cl, CF,:CCl, and CHF,-CH,Cl. ,Some at least of these substances are useful as refrigerants 
(see below), and it is evident that the method may, when further developed, acquire technical importance. _ 
Bigelow’s work has resulted in one of the few attempts to account for the mechanism of a reaction in which 
fluorine takes part; the fluorination of acetone, which gives a complex mixture of products, is satisfactorily 
represented by the following mechanism : ae : 


F, 2F (catalytic or thermal) 
. CH,-CO-CH, + F = CH,-COCH, + HF 
CH,°CO-CRH, + F, => CH,°CO-C + F 


This cycle is repeated until the fully fluorinated compound CF,CO-CF, is produced, after which the 
reactions (1)—(5) are postulated, and will account for the other observed reaction products : 


(1) CF,CO-CF, + F =CF,CO +CF, (4) COF + F,=COF,+F 
(2) CFyCO  +F,=CF,COF+F (5) 2COF =(COF), 
(3) CF,COF +F =CF, 4+ 


It would be misleading to refer to the use of elementary fluorine for thé preparation of either organic or 
inorganic fluorides without at the same time outlining some at least of the alternative methods of fluorination. 
These are as important as, and, in general, a great deal more convenient than, the use of elementary fluorine, 
and include the reaction of halogenated compounds with metallic fluorides and also the use of hydrogen 
fluoride. 

The outstanding fluorinating reagent is antimony trifluoride, which was first used by the Belgian chemist 
Swarts for replacing chlorine or bromine -by fluorine in organic molecules. It is now known to afford an 
equally convenient way of preparing fluorides of other non-metals, though it is by no means general in its 
action. For instance, when phosphorus trichloride is refluxed with excess of antimony trifluoride together 
with a little antimony pentachloride, which acts as a ca t,-a good yield of phesphorus trifluoride is 
obtained. -If, on the other hand, ethyldichloroamine is simMarly treated, no fluorination results. Such 
differences in the ease of fluorination are also very marked in organic compounds, and the causes which 
determine whether a particular chlorine atom can be replaced by fluorine or not are still obscure. Ra 

An interesting property of antimony trifluoride, not shown by other metallic fluorides, is its capacity for 
producing* step-wise fluorination of chlorinated or brominated derivatives of the non-metals. A deficit of the 
fluoride is used, and the reaction between it and a liquid halide is conducted at a suitably reduced pressure, . 
whereupon the partly fluorinated products, which are more volatile than the parent halide, escape as they 
are formed. They may be further separated. by distillation through a low-temperature fractionating column, 
of by fractional condensation and distillation in’a vacuum. As may be seen from the data given below for 
typical mixed halides, a number of which have been prepared by Booth and hi’ co-workers, the physical 
Properties are intermediate between those of the parent halide and the fluoride. The chemical properties of 
these compounds are not in every case known, but in some at least the fluorine is less reactive than the other 
halogen. (For bibliography, see Ann. Reports, 1940, 37, 150.) 

Modifications of technique make it possible to use the Swarts reaction for fluorinating gases and vapours ; 
#g., silyl chloride, SiH,Cl, and silylene chloride, SiH,Cl,, have-been fluorinated by attaching a large bulb 
containing antimony trifluoride @nd, pentachloride to the vacuuf™ apparatus®used in preparing the chloro- 
‘lanes, and distilling into the bulb measured quantities’ of the latter (Maddock,' Emeléus, afid|Reid, Nature, 
1939, 57, 1333). Reaction occurs at room temperature and the respective products, SiH,F (b. p: -98-6°) 
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and SiH,F, (b. p. —77-8°), are subsequently. purified and characterised in the vacyum apparatus. A similar 
technique could probably be used for the preparation of a variety of volatile fluorine derivatives of this class, 
since such compounds do not as a eule attack glass. 


TABLE IV. 
Typical Fluorinated Derivatives of Non-metallic Halides. 
Parent Parent 
halide. “ Derivative. M. p. -B. 2. halide. Derivative. 
SiCl, SiF, — 90° (1318 mm.) sublimes — 95-7° PBr, 
- SiF,Cl — 142-0 — 70-0 “. 

SiF,Cl — 139-7 — 32-2 POCL 

SiFCl,  —120-8 12-2 
PCI, —1515 —101-1 


| — 473 
— 144-0 13-85 


Antimony trifluoride is also used in preparing technically-useful organic compounds, the most important 
of which are the mixed halogen derivatives of the simple aliphatic hydrocarbons. The fluorochloromethanes 
and related compounds, which are known collectively as “ Freons,”’ are used as refrigerants. They possess 
a convenient range of boiling points (Table V), have suitable thermal properties, and are in addition non-toxic 
and non-corrosive. The greatly increased use of refrigerating ahd air-conditioning plant created a demand 
for new materials and this,was met by the properties of the Freons (Midgley and Henne, Ind. Eng. Chem, 
1930, 22, 542). It is interesting to recall that some of these’ compounds were prepared many years earlier 
by Swarts. It seems to have been generally assumed that they were reactive and toxic; once these ill- 
founded ideas had been dispelled, the technical possibilities of the Freons were vigorously explored. The 


TABLE V. 
Boiling Points of Typical ‘‘ Freons.” 


Compound CHCIF,. cci,F,. CHCI,F.’ CC1L,F. CCLF-CCLF, 
B. p. —40-8° —29-8° 93.79 47-6° 


literature of the last twelve years colitains many references to the production of new members of the group 
by the action either of antimony trifluoride or of this substance and anhydrous hydrogen fluoride on chloro- 
or bromo-derivatives of hydrocarbons. , 

A second application of the Swarts reaction arises from the discovery that the CF, group im a dye hasa 
strong hypsochromic action, i.e., instead of deepening the shade of the dye, as do most substituents, it brightens 
it. This would be of little value were it not that this group is particularly stable: indeed, its stability 
approaches that of carbon tetrafluoride itself. Benzotrichloride is typical of the starting materials used: 
it is converted into benzotrifluoride either by antimony trifluoride or by anhydrous hydrofluoric acid, and the 
fluorinated compound is then nitrated, reduced, diazotised, and coupled. This constitutes only a minor use 
of fluorine compounds, and, since few fluorinated substituents are likely to exhibit the stability of the CF, 
group, extensive developments are hardly to be éxpected. 

Many fluorinating agents other than antimony trifluoride have been used in preparing both inorganic 
and organic fluorides. Anhydrous hydrogen fluoride, and the fluorides of silver, potassium, mercury, zinc, 
thallium, lead, and ammonium are among the chief, and of these, hydrogen fluoride is certainly the most 
important. The commercial production -of anhydrous acid is a comparatively recent development; 
indeed, before 1930 it was usually prepared #f the laboratory by heating potassium hydrogen fluoride. The 
' present method is based on the controlled reaction between calcium fluoride and sulphuric acid, followed by 

fractional distillation of the hydrogen fluoride evolved, and the anhydrous acid is stored in steel tanks and 
cylinders, and can be manipulated with:steel pipes and valves. ; 

Applications so far suggested are mostly in the preparation of organic cOmpounds, for hydrogen fluoride 
has proved to have extremely useful properties as a ‘catalyst for alkylation, acylation,“and polymerisation 
reactions (cf. Simons, ibid., 1940, 82, 178). In this field it is able to promote a wide range of reactions which 
are normally brought about with the aid of metal halides, sulphuric acid, or phosphoric acid as condensing 
agents. In such cases the products contain no fluorine. Hydrogen fluoride is, however, also used in pi- 
paring organic flworides; @.g., in addition to the reactions already mentioned in connection with the prepat- 
ation of Freons and dyes, it will convert acid chlorides into acid fluorides and may be induced to add on to 
double bonds. Were the products of any particular value, there is little doubt that the uses of the acid would 
undergo very rapid development. 

There has been up till now no systematic Study of the fluorinating action of metallic fluorides other than 
antimony trifluoride. Argentic fluoride and-cobaltic fluoride are among the strongest, and normally cause 
charring when refluxed with erganic comp®unds. Mercuric fluoride is milder in its action, and the chloro- 
finoride and mefcurous ‘fluotide even more so.’ The fluorides of potassium, silver, zinc, thallium, lead, and 

“ammonium are all ‘mild’ and will normally give complete fluorination when refluxed with substances such as } 
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non-polar halides or organic acid chlorides, but not with aliphatic neieniate: There are, however, 
many gaps in our present knowledge of the action of these compounds, and one frequently finds that only 
one fluorinating agent has been examined for a particular reaction. 

The technique of fluorination with inorganic fluorides is very simple. Sometimes a reaction between a 
gas and the solid fluoride is brought about, as, for example, when cyanogen iodide vapour is distilled over 
heated silver fluoride in the preparation of cyanogen fluoride, or when nitrosyl chloride is converted into 
nitrosyl fluoride by the action of silver fluoride. Nitrosyl fluoride is extremely reactive, and here the reaction 
must be carried out in fused silica apparatus, but cyanogen fluoride may be prepared in glass. The preparation 
of the new aryl afid alkyl fluorides of silicon, selenium, and telfari um (unpublished experiments by C. J. 
Wilkins and A. G. Heal, Imperial College), which are shown in Table VI, illustrates still further the en 
of these metallic fluorides as fluorinating agents. 


TaBLe VI. 
Aryl and Alkyl Fluorides of Silicon, Selenium, and Tellurium. 
SiPh,F - SiEt,F, SePh,F TePh,F 
SiPh oF 4 SiEtF, SePh,F, HF ° TePh,F 2 
SiPhF, SePh,F,2HF TeMe,F 
TeMe,F, 


All of the silicon derivatives were prepared in good yield by heating the corresponding aryl- or alkyl- 
silicon chloride with zinc or antimony fluoride, a reaction which is comparable with the preparation of the 
normal fluorides or chlorofluorides. No indication of the formation of chlorofluorides was obtained, however, 
though this may. be due to inadequate control of the reaction conditions. Triphenylselenium fluoride was 
prepared by treating the chloride in aqueous solution with silver fluoride, and the addition products, which 
were well crystallised, were formed by further treatment of the monofluoride with hydrofluoric acid. The 
tellurium compounds were obtained by tMe non-ionic reaction of silver fluoride with the corresponding iodo- 
compounds in toluene or acetone (TePh,F, and TeMe,F,), or by the action of aqueous hydrofluoric acid on 
TePh,OH and TeMe,OH (TePh,F and TeMe,F). 

The unsolved problems in fluorine chemistry are many. Great as has been the progress made in the last 
twenty years, there are ‘still numerous fluorides which have so far resisted attempts at preparation, and there 
is scope for improvements in the téchnique of handling highly reactive fluorine compounds. Up till now, 
physicochemical problems-relating to the reactions of fluorine have not even been.considered, and important 


data for the bond distances and energies in many fluorides are still lacking. Lastly, we cannot but suppose 
that in the vast range of organic fluorine compounds which have been made, or may be made, there will 
prove to be some at least which will have valuable properties and will provide adequate jeyetontion for the 
full development of this field. - 
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THE TILDEN LECTURE DELIVERED BEFORE THE CHEMICAL SOCIETY AT BRISTOL AND LONDON ON May l41q 
AND 2lsT RESPECTIVELY. 


By R. D. Hawortn, D.Sc., Ph.D. 


Tue predominant type of aromatic compounds found in nature contains the benzene nucleus united to a norma] 
chain of three carbon atoms. Familiar examples include eugenol and isoeugenol from oil of cloves and nu 
respectively, coniferyl alcohol occurring ithe cambium sap of the Coniferez, ferulic acid’present in the resin 
of Asafoetida, numerous coumarins and the amino-acids $-phenylalanine and tyrosine. In addition the 
n-propylbenzene nucleus is molecularly associated with isopentane. units in many compounds, é.g., osthol and 
ammoresinol, included in the fish poison and resin groups, and with aliphatic or aromatic C, units in many 
glycosides and plant pigments. 

In 1918 Schroeter and co-workers (Ber., 1918, 51, 1587) suggested structure (I; R* = OH, R* = OMe) 
for ]-guaiaretic acid, the principal constituent of the resin from Guaiacum officinale (Zygophyllacez) and drey 
attention to the derivation of the “‘ bis-coniferyl ” structure from two molecules of isoeugenol. The carbon 
framework of /-guaiaretic acid is now known to be of frequent occurrence in natural products and as safrole 
may replace the coniferyl structure the term “ bis-coniferyI’’ is inadequate. In 1936 (Ann. Reports, 1936, 
33, 270) the generic term, lignan, was introduced to include members of a family of natural products character. 
ised by the Sy-dibenzylbutane skeleton (II). This structure, in which two n-propylbenzene units are united 
by the §-carbon atom of the side chain, is retained in a variety of modifications, including the 1-pheny]tetralin 


H ‘ ‘ 
R HMe 
R? SC—C 


H 


(III.) 
R NCH-C 
~- 
H, 


R2 
1 
(IV.) (V.) (VIQ 

(III), the a«’-diphenylfuran (IV) and the furanofuran (V) types. The term associates the lignans with woody 
tissue, and the heartwood and overflow resin (Uberwallungsharz) of the Coniferee are a plentiful source of these 
substances. Their occurrence is not limited, however, to this Order and representatives have beer obtained 
from the wood, rhizomes, roots, seeds, oils and resins of diverse plant families. The phenolic or phenolic ether 
groups attached to the aromatic nuclei are invariably of the 3 : 4-dihydroxyphenyl type associated with the 
naturally occurring monomeric »-propylbenzenes,* but considerable variation occurs in the aliphatic portion, 
which may contain ethereal, alcoholic, aldehydic or lactonig groups, and exhibit a state of oxidation from one 

‘to six with the value of four predominating. 
The lignans are conveniently classified in accordance with the type structures (II)—(V). /-Guaiaretic acid 
(I; R? = OH; R* = OMe) is unique in containing.an oxygen-free side chain. /-Matairesinol (VI; R* = OH; 
R? = OMe), obtained from the heartwood of Podocarpus spicdtus (Coniferez) (Easterfield and Bee, J., 1910, 97, 
1028), its monomethyl ether /-arctigenin (VI; R*°and R! in upper ring = OMe; R°? in lower ring = OH), 
occurring as a glycoside in the seeds of Arctium lappa (Compositez) (Shinoda and Kawagoe, J. Pharm. So. 
Japan, 1929, 49, 565, 1165), and /-hinokinin (VI; RR? = CH,O,), isolatedfrom Cupressus obtusa (Coniferee) 
(Yoshiki and Ishiguro, ibid., 1933, 58, 11), form a closely related group of af-dibenzylbutyrolactones. +/-Cubebin 
(VII), obtained from the fruit of Piper cubeba (Piperacez) (Mameli, Gazzetta, 1907, 37, ii, 453), is readily oxidised 
to /-hinokinin, and the hydroxyaldehyde structure may be derived from (VI; R*R? = CH,O,) by reduction. 
* The unusual resorcin- orientation of the coumarins may be ascribed to the oxidation of p-hydroxypropylbenzené 


as indicated in the following scheme, which resembles, in many features, the mechanism of the tyrosine—melanin pigment 
conversion suggested by Raper (Biochem. ]., 1927, 21,89). . 
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}-Conidendrin (VIII; R! = OH; R* = OMe), of Tsuga sieboldii (Coniferez) (Kawamura, 
Bull. Imp. Forestry Exp. Stat. Tokyo, 1932, 31, 78) and Picea excelsa (Coniferez) (Emde and Schartner, Naturwiss., 


H H = CH 
cH R CH CHS 


H-CH,‘OH 
H 


H, 
(VII.) (VIII.) h (IX.) 

1934, 22, 743), was first isolated from waste sulphite liquors by Tollens and Lindsay (A nnalen, 1892, 267, 353). 
The phenyltetralin structure (VIII) may be derived from (VI) by dehydrogenation, and the association of small 
amounts of /-conidendrin with /-matairesinol in the heartwood of Podocarpus spicatus (Haworth, Richardson, 
and Sheldrick, J., 1935, 1576) suggests that the relationship may be biological as well as structural. The 
phenyltetralin structure is present in /-podophyllotoxin (IX), isolated from the root resins of several species of 
Podophyllum (Berberidacez), which is readily isomerised by bases to d-picropodophyllin (X) (Borsche and co- 
workers, Annalen, 1932, 494, 126; Spath and co-workers, Ber., 1932, 65, 1526). /-Podophyllotoxin is the only 
representative of the lignans containing dissimilarly substituted aromatic nuclei, and the position of the 
secondary alcoholic group indicates a relationship with the a«’-diphenylfuran type. J/-Olivil (XI; R! = OH; - 
R? = OMe), isolated from the resin of Olea europea (Oleacez), is an aa’-diphenylfuran, isomerised by acids into- 
the phenyltetralin, d-isoolivil (XII; Rt = OH; R* = OMe) (Korner and Carnelutti, Rend. R. Ist. Lomb. Sci., 
1882, 15, II, 654; Vanzetti, Monatsh., 1929, 52, 163) which occurs naturally in the wood of Olea Cunninghamii 
(Briggs and Freiberg, J., 1937, 271). d-Lariciresinol (XIII; R! = OH; R* = OMe), occurring in the resin 
of Larix decidua (Coniferee) (Bamberger, Monatsh., 1897, 18, 481), is a 8-benzyl-a-phenyltetrahydrofuran 
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closely related to the furanofuran (V) type. d-Lariciresinol is converted by acids into the phenyltetralin, 
d-isolariciresinol (XIV; R!= OH; R* = OMe), and the rapid isomeric change misled early investigators. 
Interesting relationships are found in the furanofuran lignans. d-Pinoresinol (KV; R! = OH; R* = OMe) 
occurs in the resins of Picea abies, Pinus nigra and sylvestris (Coniferee) (Bamberger, Monatsh., 1891, 12, 441), 
and a diastereoisomeric or epi-modification of its monomethy] ether, d-forsythigenol, occurs as a glycoside in 
the leaves of Forsythia koreana (Oleacez) (Kunimine and Suzuki, J. Pharm. Soc. Japan, 1938, 58, 25, 182). 


CH, 
CH,-OH 
. 2 -CH,-OH 
( } -. H’ 
H, R? CH,/ © 
1 
(XIII) (XIV.) (XV.) 
-Eudesmin (XV; R! = R* = OMe), which occurs in the kinos of Eucalyptus hemiphloia (Mystacez) (Robinson 
and Smith, J. Proc. Roy. Soc. N.S.W., 1915, 48, 449), is the optical antipode of d-pinoresinol dimethyl ether. 
The methylenedioxy-analogue (KV; R!R* = CH,O,) (Bertram and co-workers, Biochem. Z., 1928, 197, 1; 
Béeseken and co-workers, ibid., 1928, 201, 544), d-sesamin, occurs in the oil from the seeds of Sesamum indicum 
(Pedaliaceze) and its antipode, /-sesamin, is isolated, together with a diastereoisomer, /-asarinin, from A sarum 
sieboldii (Aristolchiacee) (Kaku and ‘co-workers, J. Pharm. Soc. Japan, 1936, 56, 80; 1937, 57, 184). The 
discovery of new representatives of the lignan group may be expected and it is probable that gmelinol, obtained 
from the wood of Gmelina leichardii (Verbenacee) (Harradence and Lions, J. Proc. Roy. Soc. N.S.W., 1940, . 
1%, 117), and d-sesamolin (Adriani, Z. Unters. Lebensmittel, 1928, 56, 187), from Sesamum indicum, are hydroxy- 
substitution products of eudesmin and sesamin respectively. . 
Isolation and Methods of Investigation of the Lignans. 

The lignans are usually obtained from ethereal or alcoholic extracts of the plant material. /-Matairesinol 


and /-olivil are, obtained jn a high state of purity from the hot filtered extract of the wood and exuded resin 
=. 
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respectively, and several phenolic lignans, e.g., -guaiaretic acid, d-lariciresinol and d-pinoresinol, are isolated 
in the form of sparingly soluble sodium or potassium salts. In other cases more elaborate fractionation may be 
necessary, and the lignans are frequently associated with small amounts of high molecular weight impurities 
of tannin nature which cannot be removed by repeated crystallisation. These impurities, which have no 
appreciable effect on the melting point and optical rotation of the lignan, are probably responsible for the 
unreliable analytical results of several early workers, and the preparation of analytically pure specimens 
frequently necessitates the filtration of appropriate solutions of the lignan through a layer of alumina or 
distillation in a high vacuum. s 

Standard methods are used in the detection and estimation of functional groups, and methylenedioxy- 
derivatives are related to the methoxy-analogues by demethylenation and subsequent methylation; ¢.g, 
l-hinokinin and /-asarinin have been converted into /-matairesinol dimethyl ether and /-eudesmin respectively 
(Keimatsu and Ishiguro, /. Pharm. Soc. Japan, 1936, 56, 61; Huang-Minlon, Ber., 1937, 70, 951; Kaku and 
Ri, J. Pharm. Soc. Japan, 1937, 57, 289). Occasionally difficulties are experienced in the preparation of crystal- 
line acyl derivatives of alcoholic lignans, but Zerewitinoff determinations and indirect evidence may be used in 
the detection of alcoholic groups. 

The known lignans occur naturally in an optically active form and the structural problem has been greatly 
simplified by the isolation of inactive degradation products from nitration, reduction, oxidation, and dehydro- 
genation experiments. It is usual to protect the phenolic lignans by alkylation prior to degradation. 

The elimination of a-oxygenated side chains during nitration of catechol ethers may be employed in the 
detection of the furanofuran type (V). Nitration of /-pinoresinol dimethyl ether (KV; R1 = R* = OMe) in 
acetic acid solution yields the 6 : 6’-dinitrolignan together with 4-nitroveratrole, but nitration with concentrated 
acid results,in complete elimination of the side chain with the formation of 4 : 5-dinitro- or trinitro-veratrole 
(Erdtman, Annalen, 1935, 516, 162). Ethers of the a$-dibenzylbutyrolactone type (VI), on the other hand, 
yield dinitro- or tetranitro-substitution products retaining the lignan structure, but the phenyltetralin type 
(III) is usually converted into amorphous products by nitric acid (Haworth and Richardson, J., 1935, 633). 
Not only do these reactions serve to characterise the furano-group, but the yield of dinitrocatechol ether 
frequently indicates the number of such groups in the molecule. An additional application has been realised 
with d-pinoresinol; the diethyl ether is converted into the 6 : 6’-dibromolignan, which with nitric acid affords 
4-bromo-5-nitro-2-ethoxyanisole in 80% yields, thus indicating the presence of two furan groups and also 
locating the phenolic group in d-pinoresinol (Erdtman, Svensk Kem. Tids., 1938, 50, 68). 

The susceptibility of benzyl ethers to catalytic reduction provides another method for the detection of the 
furan types (IV) and (V). It has been shown that d-pinoresinol dimethyl ether (XV; R! = R? = OMe) may 
be reduced either partially to d-lariciresinol dimethyl ether (XIII; R! = R* = OMe) or completely to the 
l-diol (XVI; R! = R*? = OMe) (Haworth and Woodcock, J., 1939, 1054). d-Sesamin has been reduced simi- 
larly to the methylenedioxy-analogue (XVI; R*R* = CH,O,), which is also obtained by reducing /-cubebin 

_ (VII) with amalgamated aluminium (Bruchhausen and Gerhard, Ber., 1939, 72, 830). These catalytic reduc- 
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tions are confined to the benzyl ether linkages and /-olivil dimethyl ether (XI; R! = R* = OMe) yields the 
triol (XVII). The conversion of d-pinoresinol and d-sesamin into the /-diol therefore provides strong support 
for the furanofuran structures and excludes alternatives based upon the anhydro-olivil structure (XVIII). 

A decision between the af$-dibenzylbutyrolactone (VI) and phenyltetralin (III) types can be made by 
oxidation experiments. -The former are oxidised by permanganate to substituted benzoic acids, and, as the 
diethyl ether of /-matairesinol (VI; R! = OEt; R* = OMe) gives 3-methoxy-4-ethoxybenzoic acid in yields 
exceeding 50%, the presence of two guaiacyl groups is established (Haworth and Richardson, J., 1935, 633). 
Phenyltetralin types are oxidised to substituted o-benzoylbenzoic acids by the action of permanganate, and 
oxidation of the ethyl ethers locates the hydroxyl groups in the lignans. On the other hand, oxidation with 
hypobromite yields a mixture of substituted o-benzoylbenzoic acid and phenyltetralin dibasic acids containing 
the complete carbon content of the lignan; ¢.g., /-conidendrin dimethyl ether (VIII; R! = R? = OMe) gives 
o-veratroylveratric acid (XIX) and the optically active dibasic acid (XX) (Holmberg, Amn. Acad. Sci. Fennwe, 
1927, 29, No. 6; Erdtman, Amnalen, 1934, 518, 229). ae 

The establishment of the lignan framework has, in a few cases, been obtained by synthesis of the optically 
active lignan, but usually the evidence rests upon the synthesis of optically inactive products containing the 
entire carbon content of the lignan, obtained»by dehydrogenation with lead tetra-acetate or selenium. The 
active acid (XX) is dehydrogenated with lead tetra-acetate to the optically inactive acid (X XI), which has beet 
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synthesised by dimerisation of 3: 4-dimethoxyphenylpropiolic acid with acetic anhydride (Haworth and 
Sheldrick, J., 1935, 636), a reaction discovered by Michael for the preparation of 1-phenylnaphthalene-2 : 3- 
CH 


2 
M H-CO,H M. 0.H 
M M 
M O,H 


OMe 
Me Me Me 
(XIX.) (XX.) . (X XI.) 

dicarboxylic acid. Selenium or preferably lead tetra-acetate may be employed for the conversion of /-coni- 
dendrin dimethyl ether (VIII; R* = R*? =.OMe) into the inactive lactone (XXII). This lactone (XXII) is 
also obtained together with an inactive isomer (XXIII) by the action of tetra-acetate on /-matairesinol dimethyl 
ether (VI; R? = R*? = OMe) (Haworth and Richardson, J., 1935, 633; Haworth and Sheldrick, ibid., p. 636), 

and a similarly constituted lactone, dehydroanhydropicropodophyllin (XXIV), has been prepared from podo- 
phyllotoxin (Spath and co-workers, Ber., 1932, 65, 1536). Special methods, described below, have been de- 
veloped for the synthetical confirmation of these lactonic structures. The. cyclisation observed during the 
conversion of /-matairesinol dimethyl ether into (XXII) and (XXIII) can also be realised with phenolic lignan” 
acetates, and by limiting the amount of lead tetra-acetate /-matairesinol (VI; R! = OH; R*® = OMe) and 
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(X XII.) {X XIII.) (X XIV.) 
larctigenin have been converted into /-conidendrin (VIII; R! = OH; R* = OMe) and its monomethyl ether 
respectively (Omaki, J. Pharm. Soc. Japan, 1937, 57, 42). The dehydrogenating action of lead tetra-acetate is 
not confined to lactones and carboxylic acids and an interesting application is found in the chemistry of d-lari- 
ciresinol. d-isoLariciresinol dimethyl ether (KIV; Rt = R* = OMe) is converted by acids into the /-cyclic 
ether (X XV), which is smoothly dehydrogenated to the inactive ether (XK XVI) (Haworth and Kelly, J., 1937, 
1645), and a method, below, has been developed for the synthesis of this ether (XX VI). ; 
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(XXV.) (XXVI.) (X XVII.) 

The lignan ethers are dehydrogenated by selenium and, although poor yields (3%) are obtained, the results 
are of considerable interest (Atkinson and Haworth, J., 1938, 1681). The dimethyl ethers of /-guaiaretic acid, 
Lolivil, d-lariciresinol and d-isolariciresinol yield the inactive dehydroguaiaretic acid dimethyl ether (X XVII), 
for which two syntheses are described below, but the dimethyl ethers of d-pinoresinol and d-epipinoresinol and 
lLeudesmin resist naphthalene formation and yield the inactive furan (K XVIII), which is readily synthesised by 
heating 8-bromopropioveratrone with copper and dehydrating the resultant y-diketone (XXIX) with methyl- 
alcoholic hydrogen chloride. It will be observed that the characteristic lignan framework is preserved in 
(XXVIII) in spite of the grotquad changes which occur during the dehydrogenation. 
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Me — Me ‘ Me 
(XXVIIL.) (X XIX.) (XXX.) 
Synthetical Methods. “ 


In addition to the aieaiaiae of (X XI) and (XXVIII) mentioned above, methods have been developed for the 
synthesis of the compounds (XXII), (XXII), (MAXIV), (XXVI), and (XXVII) and for the preparation of 
(i the «8-dibenzylbutyrolactone type (V1). in di- and active forms. 
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(a) Synthesis of dl-Guaiaretic Acid Dimethyl Ether (1; R* = R* = OMe).—The a-cyano-ketone (XXx: 
R = CN), obtained from 3: 4-dimethoxyphenylacetonitrile and methyl : 4-dimethoxyphenyl-«-methy. 
propionate, was converted into the corresponding amide and thence into the ketone (KXX; R = H) by aciq 
and alkaline hydrolysis respectively. Dehydration of the carbinol, obtained by the action of methylmagnesium 
iodide on the ketone (KXX; R = H), yielded di-guaiaretic acid dimethyl ether (I; R! = R* = OMe), which 
gave a meso-dihydro-derivative identical with the major product obtained by catalytic reduction of /-guaiaretic 
acid dimethyl ether (Haworth, Mavin, and Sheldrick, J., 1934, 1423). 

(b) Synthesis of Dehydroguaiaretic Acid Dimethyl Ether (KXVII) and the €yclic Ether (KXVI).—(i) The 
synthetic di-guaiaretic acid dimethyl ether was converted into (XXVII) by the action of iodine (Haworth, 
Mavin, and Sheldrick, Joc. cit.). (ii) Reduction of the inactive acid (KX XI) with sodium amalgam led to ap 


(XX XI.) - (XXXII) (XX XIII.) 


inactive form of the dibasic acid (XX), the diethyl ester of which was converted into a dl-form of isolarici- 
resinol dimethyl ether (XIV; R! = R*? = OMe) by Bouveault reduction. Dehydration of this-ether with 
selenium provided a second synthesis of dehydroguaiaretic acid dimethyl ether (XXVII), and the di-cyclic 
ether (X XV) obtained from (XIV; R! = R? = OMe) by the action of methyl-alcoholic hydrogen chloride was 
dehydrogenated with lead tetra-acetate to the inactive cyclic ether (X XVI), identical with the product from 
d-lariciresinol (Haworth and Woodcock, J., 1939, 1237). 4 

(c) Synthesis of Lactones of 1-Phenyl-2-hydroxymethylnaphthalene-3-carboxylic Acid.—In 1914 Borsche 
observed that aromatic aldehydes and {-benzoylpropionic acids react under the conditions of the Perkin 
reaction to yield acids of type (KX XI). These acids condense with formalin to give acids of type (XXXII), 
which are converted by hydrochloric acid into the 1-phenylnaphthalene derivatives of type (XX XIII), yielding 
the desired products on lactonisation (Haworth, Richardson, and Sheldrick, J., 1935, 1576). In the case where 
R! = R? = OMe, the product was identical with the lactone (XXII) obtained from /-conidendrin, and the 
synthesis established the orientation of the lactonic group in the lignan, excluding an alternative obtained by 
transposing the CO and CH, groups. The reactions are of wide application and may be used for the synthesis 
of lactones with dissimilarly substituted aromatic nuclei; by starting with piperonal and 8-3 : 4 : 5-trimethoxy- 
benzoylpropionic acid, a lactone isomeric, but not identical, with dehydroanhydropicropodophyllin (XXIV) was 
obtained (loc. cit.). 

(d) Synthesis of Lactones of 1-Phenyl-3-hydroxymethylnaphthalene-2-carboxylic Acid.—(i) The dibasic acid 
(XXXIV) obtained from veratrole and ethyl hydroxymethylenesuccinate was converted into (KX XV) by the 
action of aluminium chloride on the anhydride, and the tetralone structure (KX XV) was established and the 
alternative hydrindone structure excluded. Condensation of the ethyl ester of (KX XV) with ethyl formate 
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gave (XXXVI), from which a small yield of (KX XVII) was obtained by reduction. Dehydrogenation of the 
lactone (KX XVII) gave the lactone (XXIII), identical with one of the products obtained by dehydrogenating 
l-matairesinol dimethyl ether (Haworth and Sheldrick, J., 1935, 636). As this method was unsuitable for the 
synthesis of lactones with dissimilarly substituted aromatic nuclei, other routes were investigated, but it s 
important to note that the method rigidly establishes the structure of (XXIII). ; 

(ii) It has been found that the reactive methylene group of ethyl acetoacetate or malonate reacts with 
ethylerie oxides, ¢.g., O-methyleugenol oxide, with the formation of compounds of type (KXXVIII; R= 
CO-CH; or CO,Et), which yield y-benzylbutyrolactones (KXXVIII; R = H) by hydrolytic removal of the 
acetyl or carbethoxy-group. The constitution of the lactone (KXXVIII; R =H) was détermined by # 
independent synthesis: the ester (KXXIX), obtained from 3: 4-dimethoxyphenylacetyl chloride and ethyl 
acetosuccinate, was hydrolysed to 8-3 : 4-dimethoxyphenylacetylpropionic acid, which gave the lactom 
(XXXVIII; R = H) by reduction and lactonisation. 

_ Substituted benzylcyanoacetates react similarly with O-methyleugenol oxide, giving, after hydrolysis and 
lactonisation, wy-dibenzylbutyrolactones (KXXVIII; R = substituted benzyl), and a structural isomer 
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j-matairesinol dimethyl ether has been prepared by this method. This isomer failed to give the cyclodehydro- ~ 
ex products — and (XXIII) with lead tetra-acetate and marked differences i in the rates of formation 
Me 


H H, O “CH; 
H,°CO-C-CO,Et 
HR M H,CO,Et 
Me 


(XX XVIL.) (XX XVIII.) XIX.) 
of the lactones from the corresponding bythony-acids were observed in the «y- and af-dibenzylbutyrolactone 
series. 

In spite of the apparently unfavourable structure, compounds of type (KXXVIII; R = CO-CH;) provide 
important starting products for the synthesis of 1-phenylnaphthalene lactones with the CO group in position 2. 
Condensation of (XXXVIII; R = CO-CH,) with veratroyl chloride yields the 8-diketone (KL; R = CO-CH,), 
which leads to (KL; R = H) by elimination of the acetyl group. In the presence of acids (KL; R = H) 
undergoes cyclisation and pinacolinic change to give (XLI), which yields the lactone (XXIII) by dehydration 
and dehydrogenation. The product was identical with that prepared by method d(i) and the establishment of 


Me 
Me : 1 


(XL.) (XLI.) (XLIL.) 

the constitution of starting and end products necessitates the assumption of the pinacolinic change in the 
interpretation of the synthesis. The method is of extensive application and condensation of safrole oxide with 
ethyl acetoacetate, followed by combination of the product with 3 : 4 : 5-trimethoxybenzoyl chloride, leads to 
a lactone (XXIV) identical with dehydroanhydropicropodophyllin. 

(e) Synthésis of aB-Dibenzylbutyrolactones.—Reduction of af-dibenzylidenesuccinic acids, obtained from ‘ 
aromatic aldehydes and ethyl succinate, yields a mixture of meso- and dl-forms of a$-dibenzylsuccinic acids’ 
(XLII) with the former predominating. The meso-acid is converted into the dl-anhydride by warming with 
acetic anhydride, and subsequent reduction with aluminium amalgam gives the «f-dibenzylbutyrolactones (VI). 
dl-Matairesinol dimethyl ether and d/-hinokinin have been prepared in this way. The dl-form of the dibasic acid 
may be resolved into d- and /-modifications, which lead similarly to the d- and /-forms of the «$-dibenzylbutyro- 
lactones. The optically active forms of hinokinin and matairesinol dimethyl ether have been synthesised in 
this way (Haworth and Woodcock, J., 1938, 1985; 1939, 154) and by protection of the phenolic group as the 
benzyl ether a synthesis of /-matairesinol has been realised (Haworth and Slinger, J., 1940, 1098). 


Stereochemistry of the Lignans. 


Unless optical inversion occurs during the reduction of the /-anhydride of the dibasic acid (XLII), the 
synthesis of /-matairesinol establishes the trans-configuration of the two asymmetric centres and this arrange- 


ment is confirmed by the oxidation of the /-diol (KVI;_ R, = ma OMe) to /-matairesinol dimethyl ether 
(Haworth and Woodcock, a 1939, 1056). 


d-isoMatairesinol dimethyl ether 


l-Matairesinol ether 


HO,C CH;— 
silane acid dimethyl ether d-isoMatairesinolic acid dimethyl ether 


/-Matairesinol dimethyl ether is slowly hydrolysed to the methy] ether’ of /-matairesinolic acid by cold alkali, 
but when heated with sodium hydroxide solution to 180° about one-third of this hydroxy-acid is converted by 
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inversion at the CH-CO centre into a diastereoisomer, d-isomatairesinolic acid dimethyl ether. The isomer is 
converted by warm acids into d-isomatairesinol dimethyl] ether, but the change is much slower than the lactonis- 
ation of /-matairesinolic acid dimethyl ether, and the difference is only consistent with the suggested trans- 
configuration for /-matairesinol, which allows of a closer approach of the CH,-OH and CO,H groups in the 
“ equilibrium position ’’ of the dimethyl ether of /-matairesinolic acid (Haworth and Atkinson, J., 1938, 797). 
Another interesting point is the rapid conversion of d-isomatairesinol dimethy] ether into /-matairesinol dimethyl 
‘ether by cold alkali, the Walden inversion occurring more rapidly than hydrolysis of the lactone group, 
Diastereoisomeric modifications of /-hinokinin and /-arctigenin have been prepared similarly (Keimatsu and 
Ishiguro, J. Pharm. Soc. Japan, 1936, 56, 19; Omaki, ibid., 1935, 55, 159; 1937, 57, 89). /-Conidendrin di- 
methyl ether is partly converted into an isolactone by the action of sodium ethoxide and of the two hydroxy- 
acids that corresponding to the iso-form is lactonised more rapidly (Holmberg, Ber., 1921, 54, 2389, 2406). As 
rotation around the u-propylbenzene junction is prevented in the phenyltetralin series, the observed rates of 
lactonisation suggest a trans-lactonic structure for /-conidendrin. In 1936 it was tentatively suggested that the 
' |-matairesinol configuration is retained throughout the lignan group and this is supported by more recent 
evidence. During the many interconversions of lignans, some of which are summarised below, two points are 
noteworthy. (i) The interconversions result in the formation of the new lignan in a stereochemically homo- 
geneous form, identical (except in ‘the asterisked case, which receives special mention later, below) with the 


l-Sesamin *~—> d-Pinoresinol —-> d-Lariciresinol—— 
. 
1-Cubebin —-> /-diol (XVI; = CH,O,) —> (XVI; Ri = R? = OMe) 
| 1-Conidendrin 


l-Hinokinin /-Matairesinol <— /-Arctigenin 


form in which the new member occurs natyrally; a common stereochemical configuration throughout the 
family is consistent with these observations. (ii) The conversion of /-cubebin, d-pinoresinol and d-lariciresinol 
into the optically active diols of type (XVI) is convincing evidence that the /-matairesinol configuration is 
present in these lignans. Further important stereochemical observations have been made by Vanzetti (Rend. 
R. Accad. Lincei, 1937, 25, 133) and Erdtman (Svensk Kem. Tids., 1936, 48, 230) on J/-olivil and d-pinoresinol 
respectively. If the tvans-configuration of /-matairesinol is retained in these compounds, the two hydrogen 
atoms of the B-C-C bond should be trams in /-olivil, but cis in d-pinoresinol, ‘because in the latter the aromatic 
nuclei have taken up remote positions by rotation round the B-C-C linkage. Both /-olivil and d-pinoresinol 
are optically active, but the two phenolic groups are symmetrically disposed, e.g., monomethylation and sub- 
sequent ethylation and reversal of this alkylation procedure yield identical products. The molecules therefore 
have a symmetry axis, but lack planes, centres or alternating axes of symmetry, and these requirements reduce 
the stereochemical formule to two possibilities for each lignan. These structures for /-olivil, (XIa) and (XIb), 
where R = guaiacyl, have a trans-arrangement at the 8-C-—C bond and those for d-pinoresinol (XVa) and (XVb) 
also retain the matairesinol configuration. : 
_CH,OH .“CH,OH H 
. ‘sd 
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hue RA OH 2 7 / 


(XIa.). (XIb.)  (XVa.) (XVb.) 


The configurations at the a-asymmetric centres in J-olivil and d-pinoresinol have not been determined, vs 
inversion may be effected at these ether linkages by the action of mineral acids. The change is complicated y 
cyclisation in the case of /-plivil, but /- and d-eudesmin are partially converted into /- and d-epieudesmin cm 
tively by inversion at one or both of the a-carbon atoms. Similarly d- and J-sesamin are partially —s 
into d- and /-asarinin respectively (Kaku and co-workers,,J. Pharm. Soc. Japan, 1936, 56, 80; 1937, 57, 289, 
3217; Huang-Minlon, Joc. cit.; Erdtman; Svensk Kem. Tids., 1938, 50, 161). Similar epimerisations occur 
during the replacement of the methylenedioxy-groups of asarinin and sesamin by methoxy-groups ; a 
yields a mixture of /-eudesmin and /-epieudesmin, and d-sesamin gives d-eudesmin and d-epieudesmin. os 
probable that asarinin and sesamin have the eudesmin and epieudesmin configuration respectively. an 
a, values given in the following table show that nitration of eudesmin and asarinin 1s accompanied by a chang 
in sign of ap value, which is not observed during the nitratiorof, sesamin and epieudesmin (compare Erdtman, 
Svensk Kem. Tids., 1936, 48, 250) : 
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d- and /-Eudesmin, ap+ 64 Dinitro-Compound ap + 124° Diff. 
d- and /-Asarinin, ap + 119 ; a ap+ 29 » 
d- and /-epiEudesmin, ap + 143 op + 74 

d- and /-Sesamin, ap + 67 ap + 35 
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The configuration of the a-asymmetric centre in /-conidendrin and d-isolariciresinol is equally uncertain, but 
the conversion of the latter into the former (Haworth and Kelly, J., 1937, 384) suggests a common configuration. 
The only experimental evidence bearing on these a-asymmetric centres is derived from experiments on 1-phenyl- 
tetralin-2 : 3-dicarboxylic acid, which was isolated in four inactive isomeric forms. The stability of the isomeric 
acids, esters, and anhydrides was compared and by using cis- and trans-tetralin-2 : 3-dicarboxylic and cis- and 
trans-cinnamic acids as models for the 2: 3- and 1 : 2-linkages respectively, it was concluded that the most 
stable of the four acids (XX ; H instead of OMe) had the trams (1 : 2), trans (2 : 3) structure (Haworth and Slinger, 
J., 1940, 1321). In /-podophyllotoxin (IX) the bridged lactonic structure suggests a,cis-arrangement of the 
2: 4-positions, from which the tvans (1: 2), tvans (2 : 3), trans (3 : 4) structure may be developed. 


Biological Relationships. 

Schroeter (loc. cit.) suggested that /-guaiaretic acid could be derived from two molecules of isoeugenol, and 
Vanzetti (loc. cit.), pointing out that »-propenylbenzenes such as cinnamic acid and isoeugenol occur natyrally 
in the stable ¢vans-forms, favoured the stereochemical arrangement (XIa) for olivil because this structure is 
derivable from two molecules of trans-coniferyl alcohol. Similar arguments favour (XVa) for d-pinoresinol, 
but the natural occurrence of both sesamin and its epi-form, asarinin, shows the weakness of the biogenttic 
derivation of stereochemical configuration. 

Many -propenylbenzene derivatives are polymerised by the action of heat, acids, etc., but the dimeric 
products do not possess the characteristic lignan structure; anethole and isoeugenol are readily dimerised to 
(XLIIT) and (XLIV) respectively by the action of methyl-alcoholic hydrogen chloride. It seems probable that 


H 
M HE 
(XLIII.) M OH (XLIV.) 
H 
HEt 


OMe 


the exclusive union of two -propenylbenzene derivatives at the B-carbon atom is effected by oxidation. The 
oxidation of phenols to peroxides, diphenyl ethers, 2: 2’- or 4: 4’-dihydroxydiphenyls involves coupling at 
anionoid centres, and the $-carbon atom of the side chain of a p-hydroxypropenylbenzene may acquire this 
character in virtue of the extended conjugation and analogous coupling may be expected. The oxidation of 
isoeugenol to dehydrodiisoeugenol (XLV) (Erdtman, Amnalen, 1933, 508, 283) * involves a coupling of the 
anionoid centre in the side chain with the o-position relative to the phenolic group in a second molecule, followed 
by a cyclisation to the furan involving the phenolic group. The lignan structurg corresponds tothe union of * 
two propenylbenzene units at the anionoid centres of the side chain. The selection of the alcohol type (XLVI) 
of precursor must be regarded as arbitrary, but oxidative coupling along the lines suggested above leads to 
structure (XLVII), or a biological equivalent such as (XLVIII), from which the naturally occurring lignan 


~“MeCH M H:CHMe ° 
H HHO MeCH H:CHMe 
2 Me H 
M M H 
H H Me : 


(XLV.) 


structures (VI), (VIII), (XI) ; (XIII), and (XV) may be derived by dismutations or cyclisations whicharecapable  _“ 
of realisation or for which there are numerous analogies. 


HO ‘CH,OH H H-CHO 
HO HO H-CHO 
H:CH-CH,-OH H, 


Ho J 
H 


H H 
(XLVL) (XLVIL.) (XLVIIL.) 
The structural relationship together with the occurrence of lignans in essential oils, where they are.associated 
with terpenes and -propylbenzenes, and in resins, where they occur with diterpenes, suggests that the n-propyl- 
benzene-lignan and terpene-diterpene relationships are formally analogous. There are no indications of a 
group of natural products containing three propylbenzene units corresponding to the triterpenes, but it is 
possible that lignin represents the polyterpene of the propylbenzene metabolism. The structure of this complex — 


* My thanks are due to Professor J. Kenner for drawing my attention to this important work. : 
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substance is obscure, but the few established structural features indicate a relationship with the m-propyl- 
benzenes. Lignin contains the 3: 4-dihydroxyphenyl grouping and the »-propylphenols (KLIX; R = H) 
and.(L ; R = H) have been obtained by the action of methyl-alcoholic — chloride on soft wood lignin; 


O-CHMe-OH O-COMe 
M M H(OH)-CH(OH)-CH,-OH 
H H M 
Hi 

(XLIX.) (L.) (LI.) 
- from hard wood lignin the syringyl analogues (KLIX; R = OMe) and (L; R = OMe) are also obtained sul} 
(Hibbert and co-workers, J. Amer. Chem. Soc., 1939, 61, 509, 2190, 2198). It is probable that lignin is a product cha 

resulting from the condensation of »-propylphenolic units, but as lignin, unlike the lignans, retains few if any 
phenolic groups, these must be involved in the condensation. Oxidation of m-propenylbenzene units at anionoid of t 
centfés and subsequent cyclisation as in the formation of dehydrodiisoeugenol provide a satisfactory explanation mo 
H,-OH det 
buon OH low 
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of this loss of phenolic properties. Freudenberg (Aun. Review Biochem., 1939, 8, 81) regards (LI) or a biological 
equivalent as the lignin precursor, and suggests an alternative condensation mechanism involving etherification 
to type (LII), followed in part by cyclisation to type (LITI) or (LIV). It is probable that lignin is a mixture 
of the closely related types (LIT), (LIII), and (LIV) together with the corresponding types derived from bio- 
logical equivalents of (LI) or from other precursor units. In addition some of the guaiacol residues are replaced 
by syringyl residues in hard wood lignins and it is recognised that lignin varies in composition with the nature 
and age of the tree in which it occurs, and that isolated lignin differs from the-substance existing in the wood. 
The wide distribution of the ”-propylbenzenes and the lignans in unrelated plant families is a strong indication 
of their association with a general metabolic process and, in spite of the inconclusive state of knowledge concern- 
ing the constitution of lignin, the relationships are sufficiently striking to indicate that the »-propylbenzenes 
and the lignans are connected with the lignification process. 

Of the simple structural units employed in the construction of natural products, the u-propylbenzene and 
isopentane structures possess the common feature of branching carbon chains, and the frequent co-occurrence 
of these structures may signify a common origin. A derivation of the isopentane structure by oxidation of 


H:CH-CO,H 


H _ HO, 


the p-hydroxycinnamic acid type along the lines indicated below is not unreasonable, but all suggestions con- 
of confirmation. 
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The Basis of Stereochemistry. 


Tue PEepLER LectuRE DELIVERED ON MARCH 26TH, 1942. 
By W.-H. Mitts, M.A., Sc.D., F.R.S. 


WITHIN the last quarter of a century notable advances have been made in stereochemistry by the classical 
methods of organic chemistry. The discovery of optically active diphenyl derivatives and optically active- 
sulphoxides—our increased knowledge of the Walden inversion and of the stereochemistry of intramolecular 
changes—as well as many other fine achievements—spring at once to mind. 

But the advances which chiefly distinguish this period are those which have come through the application 
of the newer physical methods. On the one hand, these have brought the configuration of the simpler inorganic 
molecules into the scope of experimental investigation; on the other, they have made possible quantitative 
determinations of bond-lengths and intervalency angles, and have thus yielded a more definite picture of 
molecular configurations than the older methods alone could have given. 

Now that we know the valency configurations of the greater number of the elements, a surprising fact 
which emerges is the frequency with which these arrangements depart from the arrangements of maximum 
symmetry. Thus, in bivalent elements, angular arrangements are more common than linear, and in tervalent 
elements, pyramidal occur more frequently than planar configurations. 

These departures from maximum symmetry must clearly“have their origin in the electronic structure of 
the atoms, and one of the most interesting advances of recent years is the progress that has been made in our 
understanding of the relations between atomic structure and valency configuration. These relations form the 
theoretical basis of stereochemistry, and I will attempt to give some account—using only simple considerations 
—of a method by which they can be elucidated. 

We know that the electron has a wave aspect and that this wave aspect of the electron supplies the mechanism 
through which chemical combination is effected. Extensive mathematical knowledge is of course needed for 
a full comprehension of the development of the theory of valency based on the wave nature of the electron, 
and on this account many chemists—especially those whose study of stereochemistry has proceeded along the 
lines of classical organic chemistry—have been deterred from following the progress that has been made towards 
the establishment of stereochemistry on a theoretical basis. 

But since the equations which describe the behaviour of an electron under the influence of a positively 
charged nucleus are similar in form to those which describe the vibration of certain mechanical systems, an 
elementary knowledge of the characteristics of the vibration of mechanical systems enables us in a large measure 
to infer the corresponding characteristics of electronic waves. By means, therefore, of very simple consider- 
ations it should be possible to gain some insight into the manner in which directed valency arises and some 
understanding of the causes which determine the valency configuration of the simpler atoms. 

Since it has been shown experimentally that electrons exhibit interference phenomena, we know that ~ 
electronic waves obey the superposition law. An atomic electron therefore has to move about the nucleus 
so as to set up a standing wave. The possible states of the electron thus correspond with the different types 
of standing waves which can be formed in a central field, and we have to consider what types of standing waves 
can arise under these conditions. 

Before considering these tridimensional wave-systems it will be helpful if we first recall the behaviour of 
a simple bidimensional system—the uniform circular membrane. We know that when the membrane is set 
into vibration, though its movements are very complex, they can be analysed into a set of normal modes. Each 
normal mode corresponds with a standing wave, and normal modes can be classified by the number of nodes 
present in these waves. The movement of the membrane is that which would result from the superposition 
of standing waves of appropriate amplitudes in the different normal modes. 

There is first the fundamental mode of the membrane. Here, as in the violin string sounding its funda- 
mental note, there is no node: the whole membrane rises and falls together [I ig. 1 (a)]. Next, there are 
normal modes in which, as in the violin string sounding its first harmonic, one node is present. In place of the 
nodal point of the vibrating string the membrane will have a nodal ine and an important point is, that, as is 
fairly evident, the nodal line can take two forms [Fig. 1 (b)]. The membrane can form a standing wave with 
a ciyculay node concentric with the periphery; but it can also form a wave with a rectilinear node passing 
through the centre. In the mode with the circular node the motion is symmetrical ; in = with the rectilinear 
node it is unsymmetrical. 

There is a further point of difference between these two modes. The position of the nodal circle is uniquély 
determined (its radius is 0-436 times the radius of the membrane) but that of the nodal diameter is not. Any 
one of the infinite number of diameters of the circle can function as a node. If now we take any two diameters 
at right angles, it is clear from symmetry considerations that a standing wave having one of these-diameters _ 
as a nodal line is independent of a wave for which the other is a node. The two standing waves with nodal 
diameters at right angles to one another are in independent modes. A vibration in the one mode has no com- 
ponent in the other. Any pair of diameters at right angles can be selected to define the two normal modes 
and a standing wave having any other diameter as a node can be obtained by the superposition of waves of 
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appropriate relative amplitudes in the two normal modes.* There are accordingly three normal modes of the 
circular membrane having one nodal line. In one of these the nodal line is circular; in the other two it is 
rectilinear, and the nodal lines of these two modes must be mutually perpendicular. 

From this consideration of the simplest modes of a bidimensional system we may pass to standing waves 
in three dimensions. Here we shall naturally find in place of nodal lines nodal surfaces. In place of the nodal 
circles of the bidimensional system there will be nodal spheres, and in place of the rectilinear nodal lines there 
will be nodal planes. 

The tridimensional system consisting of an electron moving in the field of a positively charged nucleus 

-must have first a fundamental mode—the mode in which the standing wave has no nodal surface. 

In this mode, just as in the corresponding mode of the circular membrane, the wave is completely sym- 
metrical about the centre, that is to say, about the nucleus. The relevant solution of the wave equation 
shows that the amplitude has its maximum value at the nucleus and falls off rapidly according to the same 
exponential law in every direction. It is not easy to give a physical interpretation of the amplitude of the 
electron wave. In wave motion, however, the square of the amplitude gives the intensity of the wave, and in 
an electron wave the intensity at a point is taken to be the charge density there. An atomic electron can 
accordingly be visualised as a little cloud whose density is everywhere proportional to the square of the ampli- 
tude of the wave. If over an element of volume dv the amplitude is 4, ¥*dv represents the average charge 
contained in that volume, and the sum of these charges taken over the whole wave (which theoretically extends 
throughout space) must be equal to the charge of the electron. Taking this as 1 we get : 


J ydv = 1 
the integration being over the whole of space. 

The way in which the amplitude (¥) falls off with the distance (vr) from the-nucleus is shown in Fig. 3 (a). 
An indication is also given of the form, of the corresponding electron cloud [Fig. 3 (b)]: it is spherically sym- 
metrical with maximum density at the centre. When in the fundamental mode, the electron is in its one- 
quantum state. ‘ 

We have next to consider the normal modes in which the standing wave has one nodal surface. These 
are the modes in which the electron is in a fwo quantum state. . 

We have seen that nodal surfaces may be spherical or planar. There must therefore be a normal mode in 
which the electron wave has a spherical nodal surface, and it is evident that in this the wave form will be 
spherically symmetrical—the amplitude () of the wave at any point will be determined solely by the distance 
(vy) from the nucleus and will be independent of direction. It is not difficult to see in a general way how the 
amplitude will vary along a line through the nucleus [Fig. 3 (c)]. Comparison with the fundamental mode 
indicates that the amplitude will have its greatest value at the nucleus. It will fall to zero at a distance from 
the nucleus equal to the radius of the nodal sphere. At this point, since displacements must be of opposite 
sign on either side of the node, the ¥-7 curve will cross the axis to reach a maximum negative value and then 
re-approach the axis exponentially, the amplitude becoming negligibly small at distances greater than, but 
of the same order of magnitude as, the atomic radius. The electron cloud will thus consist of a central spherical 
portion and an outer zone, the two being separated by the nodal sphere [Fig. 3 (d)]. 

In addition to forming a wave with a spherical node, the 2-quantum electron must also-be able to form a 
wave with a planar node. It is well known that in comparable mechanical systems, such as gas in a rigid 
spherical container, or a sphere of elastic solid, standing waves have nodal surfaces of these two types. 

The general form of the electronic standing wave determined by the presence of a plane. nodal surface is 
not difficult to infer. The nodal plane must evidently pass through the nucleus and, since the electron is moving 
in a centrally symmetrical field, the wave must be symmetrical about the normal to this plane through the 
nucleus—that is to say, it must have this line as an axis of symmetry. The amplitude will have its maximum 
values on this axis and will evidently vary along it in the kind of way shown in Fig. 4 (a). The amplitude will 
be zero at the nucleus, and it will have equal positive and negative maxima equidistant from the nucleus, and 
from these it will decline exponentially, rapidly becoming infinitesimal. Displacements must be equal and 
opposite at corresponding points on either side of the nodal plane so that the wave will be antisymmetrical 
about this plane. Contour lines for the amplitudes indicated in Fig. 4 (a) will in-any section through the axis 
have the form represented in Fig. 4 (b), in which P represents the section of the nodal plane and A the axis 
ofsymmetry. A representation of the distribution of the amplitudes in space is obtained by rotating Fig. 4 (b) 
- about the axis of symmetry. The corresponding electron cloud will evidently have an hour-glass shape. 

When the electron wave has a spherical. nodal surface and is thus spherically symmetrical, the electron 
is in a state which corresponds with a spectroscopic s-term and it is therefore described as an s-electron. An 
electron forming a wave with one plane nodal surface is in a state which corresponds witha spectroscopic 
p-term and is described as a p-electron. — 


Fic. 2. * These standing waves have vector-like properties and can be resolved and compounded 
“i according to the vector law (see Fig. 2). The movements of the membrane produced by a wave 
with maximum amplitude in the direction OP are exactly those which would result from the 
superposition of two waves with their*maximum amplitudes along the axes x and y, these 
amplitudes being a and b times that of the single wave; a and b are of course the cosine and 
. the sine of the angle which OP makes with the #-axis, so that a?4b?=1. These properties 
x are of interest, as will appear later, as illustrating analogous properties of electronic p-waves. 
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When the nodal surface is spherical, the radius of the sphere is evidently uniquely determined : there can 
only be one 2s-orbital. It is otherwise when the nodal surface is a plane. We saw that in the vibrating 
circular membrane, modes with one rectilinear node were independent when they were at right angles. A 
corresponding principle holds for electronic standing waves. Normal modes with one nodal plane are in- 
dependent when their nodal planes are“at right angles. Hence, since a tridimensional system accommodates 
three planes at right angles to one another, an-atomic electron has three normal modes with a nodal plane. 
That is to say there are three 2p-orbitals. The mutually perpendicular axes of symmetry of these three normal 
modes may be taken as the co-ordinate axes, and the corresponding orbitals can then be conveniently described 
as 2p,, 2py, and 2p, orbitals.* 

The s-mode and the three p-modes represent the four normal modes of a single 2-quantum electron. But 
since the Pauli exclusion principle allows of the existence in an atom of only two 
electrons (of opposite spin) in any one mode, the number of independent modes for Fic. 6. 

a single electron of given quantum number determines the possible number of~ 25 2p, [Py 2x 
electrons of that quantum number in an atom (see Fig. 6). There are therefore one 

2s- and three 2p-orbitals in an atom, and the axes of symmetry of the latter are [| [] my [7] 
mutually perpendicular. 

Wave forms corresponding with a higher quantum number » will have (7 — 1) nodal surfaces and these 
may be all spheres, or all planes, or spheres and planes in combination. Nodal surfaces can also take the 
form of a double cone with its apex at the nucleus. 

When all the nodal surfaces are spheres, the electron is in an s-state, and since the radius of each sphere 
must be uniquely determined there can only be one s-orbital for each principal quantum number. Wave forms 
in which one nodal plane is combined with one or more spheres correspond-with p-states of the electron. It 
will be clear from the foregoing that each of these forms, having only one plane node, will give rise to three 
normal modes differing only in the orientation of the nodal plane, the nodal planes (and therefore also the axes 
of symmetry of the corresponding waves) being mutually perpendicular. 

The simple facts that for each principal quantum number beyond the first there are one s- and three p- 
orbitals—facts which derive from such simple geometrical principles—play, as is well known, a major part in 
shaping the periodic table. But also—and this more particularly concerns our present purpose—the fact that 
the axes of symmetry of the three p-orbitals are at right angles to one another is the basis of most of our stereo- 
chemistry and ultimately determines the configuration of the majority of chemical compounds. 

We have now to see how valency directions are determined by the characteristics of s- and p-electrons. 

To an s-electron, with its spherically symmetrical wave-system, all directions are alike. Hence, if an s- 
electron acts as a valency electron it can form a bond equally well in any direction. It is quite otherwise 
with a p-electron. It can be proved for simple systems—for example, a hydrogen atom linked through a 
p-electron—that the bond will tend to be formed in the direction of the axis of symmetry of the p-electron. 

This would seem almost self-evident on the basis of Pauling’s criterion of-maximum overlapping. When 
two atoms combine they must tend to form the strongest bond obtainable, since this leads to the greatest fall 
of potential energy ef the system. Now we know that a covalent bond arises through the resonance of two 
vibrating systems, these systems being the electrons concerned in the formation of the bond, and the resonance 
must be the stronger the greater the coupling betWeen the two systems, and the coupling must clearly be the 
greater the greater their interpenetration. We have seen that the density of the p-electron cloud is greatest 
along its axis of symmetry and falls off gradually in all directions. ~ There will therefore be, for a given inter- 
nuclear distance, a maximum overlap of the two electron clouds when the hydrogen nucleus is on the axis 
of symmetry of the p-electron, and the bond should therefore tend to be formed in the direction of this axis. 

On this basis provisional explanations can be given of the non-planar configuration of the ammonia nidlecule 
and the angular configuration of the molecule of water. 

The configuration of ammonia could be thought of.as brought about in the following manner. If the five 
electrons which compose the L-shell of the nitrogen atom were introduced in succession, then we know that, in 
accordance with the general rules which have been found for the relative energies of sub-levels, the first two 
would fall into the 2s-orbital and the other three would go one into each of the three 2p-orbitals, so that the » 
shell would have the constitution indicated in Fig. 7. The ground state of the nitrogen atom arises from this 
electron configuration through resonance between the three unpaired p-electrons. The tervalent state differs 
from the ground state in that the spins of the p-electrons are free of one another. The unpaired p-electrons 
Fic. 5. * If p is the amplitude of a 2p-electron wave at a point A, the nucleus 

being at O (see Fig. 5), the appropriate solution of the wave equation shows 
that p is given by the relation p = Rcos@, where @ is the angle between OA 
and the axis of symmetry of the wave and RF is an a which depends 
only on the distance of A from the nucleus. It follows from this that p- 
electrons have vector-like properties, and a 2p-wave having OP as axis of 
symmetry is exactly reproduced by the superposition of three 2p-waves of 
a, b, and c times the normal amplitude having the co-ordinate axes as their 
axes | ni pat de a, b, and c are the direction cosines of OP and thus 
a phy oe mutually ndicular directions can therefore be taken to 
define the normal modes so long as there is nothing to disturb the spherical 
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then function as valency electrons, and each could bind a hydrogen atom. The hydrogen atoms would be most 
strongly attracted in the directions of the mutually perpendicular axes of symmetry of these p-electrons, 
These directions would not, however, be exactly those of the resulting bonds, since the hydrogen atoms would 
have resultant positive charges (as is shown by the electric dipole associated with the hydrogen—nitrogen 
bond) and would repel one another. Their mutual Cums. would therefore widen the intervalency angle 


Fic. 7. Fic. 8. 
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Fic. 9. 4 Fic. 10. 
nl IV 
to a value somewhat greater than 90°. The observed value of the intervalency angle in ammonia is 107°, 
requiring a deflection of each valency through an angle of 13-5° from the rectangular configuration towards 
the trihedral axis of the molecule. 

Similar considerations can be applied to the water molecule. The ground state of the oxygen atom is 
derived from an L-shell of the structure shown in Fig. 8. The formation of the water molecule could then be 
regarded as taking place through the binding of two hydrogen atoms by the two unpaired electrons. These 
have their axes of symmetry at right angles, so that, if there were no repulsion between the hydrogen atoms, 
the intervalency angle would be 90°. The repulsion actually existing would widen this angle somewhat, but 
the actual widening is considerable, the observed intervalency angle being 106°, which nquies a deflection 
of each valency through 8° from the rectangular direction. 

When these simple methods of consideration are applied to carbon, however, difficulties are encountered. 
The normal configuration of the carbon atom, (Is)*(2s)?(2p)*, provides only two unpaired electrons, and in 
this state therefore the atom cannot be more than bivalent (Fig. 9). The quadrivalent atom results through 
the promotion of one of the 2s-electrons to the 2p state (Fig. 10), a process requiring a considerable amount 
of energy which can be supplied from that liberated in the formation of the bonds. 

The formation of methane would then be regarded as taking place insthe following manner. The three 
p-electrons give three directed bonds at right angles to one another, and the s-electron gives a non-directed bond. 
The three directed bonds would bind thfee hydrogen atoms forming a methyl radical with a configuration 
resembling that of ammonia. The fourth hydrogen atom, linked through the non-directed bond, would be 
free to assume its preferred position, which would naturally be on the trigonal axis of the methyl radical so 
as to be placed as far as possible from the other three hydrogen atoms. 

Such a view, differentiating one valency from the other three, is manifestly unsatisfactory. A solution 
of the difficulty was given by Pauling in 1928. In considering bond-formation one must look for the strongest 
bonds which the atom is capable of forming, since these are the bonds which will actually come into play. 
Pauling showed that the strongest bonds which the carbén atom can form are yielded, not by electrons in 
pure 2s- or 2p-orbitals, but by electrons in what are known as hybrid orbitals. 

An atomic electron in its wave aspect is a vibrating system having a series of independent normal modes 
and somewhat like a mechanical system such as a bell is capable of vibrating simultaneously in more than one 
mode. The resultant vibration arising from the superposition of vibrations in different normal modes— 
provided these modes represent states of equal energy of the electron—is in a new mode described as a hybrid 
orbital. 

If in the carbon atom we neglect the screening effect of the two 1-quantum electrons, regarding them as 
simply cutting down the nuclear charge to 4, the 2s- and 2p-modes of the electron would represent states of 
equal energy, and hybrid orbitals could be formed from them. These hybrid orbitals would represent standing 
waves which could be described as resulting from the superposition of waves of the appropriate amplitudes in 
the two normal modes. If s and p represent expressions giving the amplitudes of the 2s- and 2p-waves at any 
point in space (s will be a function of r only, where r is the distance of ‘the point from the nucleus, and p a 
function both of y and of the angular co-ordinates of the point), then the amplitude of the electron wave at 
that point when the electron is in the hybrid orbital will be given by an expression of the form as + 5p. 
The coefficients a and b may of course have any relative magnitude, but they are subject to the relation 
a* + 6? =1:* it follows from this that the proportion in which a normal mode participates in a hybrid 
orbital is given by the square of its coefficient in the expression for the orbital. 

* We have seen that the charge density at a point is given by the square of the amplitude of the electron wave there, 
so that the integral J y* dv taken over all space is equal to the electronic charge (which we may put equaltol). Applying 
this to the s-, the p-, and the hybrid wave, we have : 
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We have now to consider how the relative bonding power of different orbitals can be assessed. 

Although 2s- and 2p-electron waves have a very different form near the nucleus, the curves showing the 
relation between the wave-amplitude and the nuclear distance show a considerable correspondence in the outer 

of the atom. Now the innermost region of the atom is of relatively little importance to the chemist; 
the outer.zone is the chief seat of the valency forces—and it is in this that he is mainly interested. In Fig. 11 
the curve 2p shows how the amplitude of the 2p-wave varies with distance from the nucleus along the axis of — 
symmetry of the wave; 2s is the curve for the 2s-wave. [The curves are drawn for a simplified carbon atom 
in which the two K-electrons are regarded as simply cutting down the nuclear charge to 4.. The line AB 
marks a somewhat arbitrary division into the “‘ inner’ and “ outer ’’ part of the atom.] 

To the right of AB there is an evident approximate proportionality between the ordinates of the two curves. 
The dotted curve 1/+/3 . (2p), drawn at 1/+/3 times the height of the 2p curve, shows that to a fair approximation 
we may take, on the p-axis in the valency region, s = p/ V3.* 

That the p-wave has, on its axis of symmetry, a greater amplitude than the s-wave arises of course from 
the fact that, in any spherical shell centred on the nucleus, the s-electron cloud is equally distributed, but that 
of the p-electron is concentrated towards its axis. 

It seems evident that a greater concentration of the electron cloud in the direction of the bond must lead 
to a stronger bonding interaction. The strength of a bond which an electron can yield should accordingly 
be related to the amplitude of the electron wave-on the direction of this bond. Pauling and Sherman showed 
(J. Amer. Chem. Soc., 1937, 59, 1450) that the energy of a bond is, in fact, roughly proportional to the product 
of the magnitudes of the bond orbitals of the two atoms in their angular dependence. Towards a given atom, 
for example hydrogen, the relative strengths of a bond formed by a 2-quantum electron in its s-‘and p-states 
would thus be as 1: /3. 

A hybrid orbital formed from a 2s- and a 2p-orbital will evidently give maximum amplitudes on the p-axis. 
To find the orbital of maximum bonding energy which can be thus formed, we have therefore to find the maxi- 

mum value of the expression as + bp, given that p = /3s and a? + b? = 1. The maximum value is found 
to be attained when a = 4 and b = 1/3/2—i.e., when the hybrid orbital consists of a combination of one- 
quarter of the s-orbital with three-quarters of the p-orbital. 

If we make, as above, the approximation that in the carbon atom the screening effects of the K-electrons 
and the mutual-action of the L-electrons are neglected, so that the L-electrons are considered to be moving 
in a Coulomb field, the 2s- and 26-normal modes would correspond with states of equal energy, and standing 
waves in these modes would have equal frequencies. They could therefore combine to form a new standing 
‘wave. 

The general form of the standing wave corresponding with the hybrid orbital of maximum bonding energy 
can be easily inferred. It will clearly have the p-axis as an axis of symmetry. Its amplitudes along this axis 
are found by superposing a 2p-wave of +/3/2 times normal amplitude on a -2s-wave of } normal amplitude. 
These components are Shown separately in Fig. 12 (a) and the result of their superposition in Fig. 12 (b). The 
intermediate curve on the left of Fig. 12 (b) reproduces the form of the curve on the right. It is drawn to 
show more clearly the relative amplitudes on the two sides. 

The displacements due to a p-wave are always of opposite sign on either side of its nodal plane, while those 
due to an s-wave (outside the nodal sphere) are at any instant all of the same sign. Hence, if the s- and p- 
waves are in the same phase on one side of the p-nodal plane, they will be in opposite phases on the other side. , 
On the one side of this plane the resultant amplitude will then be the sum, and on the other the difference, of 
the amplitudes of the component waves. 

It can therefore be seen that, at corresponding points on either side of the nucleus, amplitudes will be in 
the ratio of (1-5 + 0-5) to (1-5 — 0-5), i.e., as 2 to 1, and the densities of the electron cloud as 4to 1. It is thus 
clear how the maximum extension in one direction, characteristic of this orbital, is brought about. Com- 
pared with the relative bonding strengths 1 and +/3 of the 2s- and 2-orbitals, that of the hybrid orbital is 2. 

The standing wave will have a conical nodal surface, the external angle between the cone and the axis 
being 109-5°. This can be seen by replacing p in the expression for the hybrid orbital by its approximate 
value 3s. The amplitude becomes zero when cos 6 = —}, so that @ is the tetrahedral angle. The form of 
the electron cloud is indicated in Fig. 12 (c). 


Squaring the expression in the bracket in (2) we get 7 


the cross-term J sp.duv weing equal tozero. (This isa general property of independent normal modes—the “‘ orthogonal ”’ 


pro —it is wpoeege | the case here since the p-wave is antisymmetrical about its nodal wane. ) Comparison of (3) 
with (1) shows at once that a? + 6? = 1 as stated above. 

* There is a reason for choosing this particular value for the approximate ratio. The forms of the 2s and 2p waves 
obtained from the wave equation are 


s=R; p = (V3cos6)R’ 
where R and R’ are expressions whose value depends ot on the nuclear distance of the point at which the respective 
3 


amplitudes are s and . Hence, putting s equal to p/V3 on the pare is. mpctvalent to assuming that, in ‘tha valency 
region, the radial parts, R and R’, of the Ca: are equal { 
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For the hybrid orbital of maximum bonding strength to have the simple form }s + (+/3/2)p, the co. 
ordinate axes must be chosen so that the z-axis coincides with the axis of the p-wave. The general form 
of this orbital is clearly 
$s + bp, + chy + dp, , 
the coefficients b, c, and d determining the direction of its axis relatively to the co-ordinate axes and being 
subject to the condition b* + c? + d? = j. 

We have now seen that a hybrid orbital of the foregoing form represents, in our simplified carbon atom, 
the state in which a 2-quantum electron has maximum bonding power. We have next to enquire whether it 
is possible for a set of four 2-quantum electrons to co-exist when each is in this form. 

There are two conditions to be satisfied. First, the sum of the contributions which any one mode, Say 
p,, makes to the four hybrid orbitals must equal unity. Secondly, the four orbitals must be mutually inde- 
pendent. Pauling showed that a set of four of these hybrid orbitals satisfied these conditions provided that 
their axes had the relative inclinations of the four (trihedral) axes of the regular tetrahedron.* 

We have thus seen that in order to obtain four equal bonds for the quadrivalent carbon atom—that is, to 
derive mutually equivalent states for the four valency electrons from the combination (2s)(2p)*—it is necessary 
to distribute the 2s mode equally between four hybrid orbitals. This requires that the coefficient of s in each 
of the hybrid orbitals shall be 3. But this proves to be also the condition that each electron shall be in the 
state in which it has its maximum bonding strength (and this is the state which it must assume in taking part 
inabond). Further, it determines that the four bonds must be tetrahedrally arranged. 

These arg very remarkable results. The theory correlates so naturally the essential conditions which the 
quadrivalent carbon atom must fulfil that its essential correctness can hardly be doubted. 

We have to bear in mind, however, that this theory rests on very considerable approximations. The 
energy difference of the 2s- and 2p-electrons of the actual carbon atom, as well as the differences between the 
radial parts of the s- and p-wave functions, are neglected. These approximations can, however, be justified 
so long as the energy set free by the formation of the bonds is sufficient to equalise the differences. P 

The recognition that in the carbon atom the strongest bonds are formed by electrons in tetrahedral orbitals 
makes it necessary to consider the possibility that the bonds of the tervalent nitrogen atom are derived from 
electrons in an analogous state. The five electrons of this atom might conceivably be in four hybrid orbitals 
of the tetrahedral form s/2 + (VW3 /2)p, one of the orbitals being doubly occupied by the “‘ lone pair ’”’ of G. N. 
Lewis and the other three singly occupied by the three valency electrons. This would entail } promotion 
of one s-electron to the 2p-state. The energy required to bring the atom from its ground state into the tetra- 
hedral condition would have to be supplied from that made available by the formation of the three bonds. 

Since the experimental determination of the configuration of the ammonia molecule has shown that the 
intervalency angle is Jess than the tetrahedral angle it would appear that the tervalent nitrogen atom in am- 
monia is not wholly derived from the tetrahedral state. Though this state should yield the strongest bonds, 
it may be that-its full production may require more energy than the formation of three bonds could supply, 
the actual state of the atom being intermediate between this and the condition in which the three unpaired 
electrons are in pure p-states. 

Similar considerations apply to the bivalent oxygen atom in water and compounds of the water type. 


We have now considered carbon and the two elements, nitrogen and oxygen, which follow it in the periodic 
table, and have seen how the electronic structure of the respective atoms brings about a tetrahedral disposition 
of the carbon valencies, imposes a pyramidal arrangenfént on the nitrogen valencies, and causes those of oxygen 
to assume an angular configuration. 

We have next to consider the two elements, boron and beryllium, which precede carbon in the periodic 
table. 


* The following proof may be given. Any four of the eight hybrid orbitals (of the most strongly bonding type) 
$s + 44,4 


evidently satisfy condition (1). 
Condition (2) is equivalent to the “ orthogonality ”’ condition 


Fic. 13. 
+ bbe + + ap) (a’s + b’p, + + d’p,) dv = 0 


| pe satisfied for the several pairs of orbitals, and on multiplying out this reduces to the 
condition | 


aa’ + bb’ + cc’ +dd’=Q. 

The latter condition is easily setn to be satisfied by the set of four of the above orbitals 
consisting of that one in which the signs are all positive and the three in which two of the 
alternative signs are negative. : 

A p-axis whose direction is determined by equality of the coefficients b, c, and d is 
evidently a normal to a face of a regular octahedron (Fig. 13). The choice of signs 
required by condition (2) gives four altefnate faces of the octahedron, i.e., faces of the 
regular tetrahedron. The four orbitals are accordingly independent when their axes have 
a regular tetrahedral arrangement. The remaining four orbitals (which correspond of course 
with the remaining faces of the octahedron) also form a set satisfying condition (2), and 
their axes coincide with ‘those of the complementary tetrahedron. 
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The tervalent boron atom is formed from the ground state (1s)#(2s)*(2p) by the promotion of one of the two 
9s-electrons to the 2p state. The resulting electronic configuration (Fig. 14) then has three unpaired electrons, 
as required for a tervalent element. ; 

The electronic structure of the tervalent boron atom can be symbolised by Fig. 15, in which the two 2p- 
dectrons are represented by their rectangular axes of symmetry, and the 2s-electron by the circular section of 
its spherical nodal surface by the plane of the axes of the p-electrons. This plane is evidently a plane of 
symmetry of the combined electron cloud formed by the three valency electrons. The cloud has a uniform 
maximum extension in this plane, and the strongest bonds which the atom can form must accordingly lie in 
this plane. 

If we assume, as we clearly must, that the three valency bonds are equal, then the three valency electrons 
must be in three mutually independent orbitals of the same form. Three similar orbitals derived from one 


9s- and two 2p-electrons must clearly be hybrid orbitals of the form (58 a 3 p). 


An electron in one of these hybrid orbitals will give a standing wave closely resembling that of a tetrahedral 
orbital. It will be axially symmetrical. It will have a nodal surface which, except in the inner part of the 
atom, approximates to a cone having its apex at the nucleus, but its angle will be smaller than that of a tetra- 
hedral orbital. The electron cloud has a maximum extension on the axis of symmetry, giving a relative bond 
strength of 1-99 compared with 2 for the corresponding tetrahedral orbital. The axes of symmetry of these 
orbitals (and therefore also the valency bonds) lie in the plane which contains the axes of the two p-electrons, 
and in ordér that the orbitals may be mutually independent, their axes must, as is easily shown, be iriclined to 
one another at angles of 120°. 

This planar equiangular distribution of the boron valencies, which follows so clearly from the electronic 
configuration of the tervalent boron atom, is in agreement with the results of experimental investigation of the 
halides and methides of the element. , 

We have now to consider beryllium. Here again the form Of the element in which the chemist is interested— 
the bivalent form—results from the ground state of the atom by the promotion of one 2s-electron to the 2p- 
state (Fig. 16). The bivalent beryllium atom can be symbolised by a diagram (Fig. 17) in which the 2s-electron 
is indicated by the circular central section of its spherical nodal surface, and the 2p-electron by a straight line 
representing its axis of symmetry. Thus, whereas the tervalent boron atom was characterised by the presence 
of a unique plane, leading to a planar distribution of its valencies, the bivalent beryllium atom is characterised 
by a unique line. ~ 

The maximum extensions of the electron cloud formed by the two valency electrons evidently lie along 
this line, and so also must the strongest bonds which the atom is capable of forming. To yield two equivalent 
bonds the two electrons must be in the hybrid orbitals 


1 1 1 1 
s+— and (Ss ) 
(Fat + ve 
since these provide the only means of obtaining an equal distribution of the two modes between the two 
electrons. 

The superposition of waves in the 2s- and 2-modes, as has already been explained, produces a new 
standing wave which is symmetrical about the axis of the p-mode and has a maximum extension in one direc- 
tion along this axis. It will be seen that changing the sign of the p-component reverses the direction in which 
the maximum extension is produced without altering the form of the wave. The two orbitals thus have 
their maximum extensions in opposite directions along the same axis, giving risé to two valency bonds, 
having a linear arrangement. The relative bond strength yielded by hybrid orbitals of this form is 1-93. 

There is as yet no direct experimental evidence regarding the valency configuration of a bicovalent beryllium 
compound, but in compounds of other bivalent elements in which an analogous electronic structure of the 
valency shell is to be expected, such as mercuric bromide, it has invariably been found that the valencies have 
a linear arrangement. 

We have now examined the causes which determine the valency configurations of the elements of the first 
periodic series from beryllium to oxygen. Similar relationships between the types of electrons concerned in 
the bond formation and the spatial arrangement of the bonds would be anticipated in the corresponding 
elements of the higher series. The s- and p-electrons of higher quantum number are differentiated from the 
s- and p-electrons of the L-shell by the presence of additional spherical nodes in their standing waves, but these 
lie deep within the atom and do not greatly alter the general form of the waves in the outer (valency) regions. 

As in the L-shell, so in each higher shell, there are three p-orbitals with mutually perpendicular axes whose 
relative orientation ultimately determines the valency configurations. The dominant part which p-electrons 
play in fixing the relative directions of the valencies is clearly shown by the results of the experimental determin- 
ations of molecular configurations. ; 

In the bivalent atoms of the elements of Group I the valency electrons include one p-electron only and the 
valencies have a unidimensional arrangement— in every case examined the two valencies have been found to 
lie in the same straight line. : . 

Group III elements have in their atoms three valency electrons. Of these two are p-electrons and the 
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valencies have a bidimensional arrangement—the observations have shown in all the cases investigated tha 
the three valencies lie in one plane. 
In the quadrivalent atoms of the eleménts of Group IV and the tervalent atoms of those of Group V thy 
valency electrons include three p-electrons and the valencies have a tridimensional configuration. The ey. 
perimental results have shown that the arrangement is uniformly tetrahedral in Group IV and uniform), 
pyramidal in Group V. The reasons for the difference in the valency configurations in the two tervalent 
groups—planar in Group III, non-planar in Group V—are thus apparent. , é 
In the bivalent elements of Group VI at least ‘wo p-electrons take part in the bond formation, and accord. 
ingly a unidimensional bond configuration, as is characteristic of the bivalent elements of Group II, canng 
occur. For these elements in their bicovalent compounds the experimental results have without exceptio 
shown an angular arrangement of the valencies. _ 
Another class of bicovalent atoms consists of the atoms of Group IV elements in their bivalent forms, 
These atoms are then presumably in electronic states exemplified by the configuration for the P shell of leag 
shown in Fig. 18. The valency electrons would thus be in pure p-orbitals and 
Fie. 18. an intervalency angle of about 90° would be expected. Only the higher men. 
6s 6p bers of the group—tin and lead—can function as bivalent, since in them the 
. bond energies (which have to be drawn upon to supply the energy required ty 
Pb [4] Ot | produce the quadrivalent from the ground state of the atom) are smaller rela. 
tively to the s-p energy differences than they are in the lower members. The 
resulting compounds are few in number, and the experimental investigation of their valency configuration 
presents special difficulties. However, a definite result has been obtained for the lead bromide molecule by 
X-ray analysis of the crystal structure of ammonium and rubidium léad pentabromides (Powell and Tasker, 
J., 1937, 119). The angle found for the lead intervalency angle was 85}° + 2°, in approximate accordance 
with these considerations. 
Special interest attaches to the type of 4-covalency found in co-ordination derivatives of certain metals— 
chiefly bivalent nickel, palladium, and platinum—in which the four bonds, instead of being equally distributed 
in space, as in the tetrahedral arrangement, are concentrated in one plane with intervalency angles of 9°. 
’ The correlation of this valency type, the ‘‘ square configuration ’’ of which has been fully established by ex- 
periment, with the electronic structure of the metallic atoms concerned is one of the triumphs of the Pauling 
method. 
Nickel being taken as representing the simplest of ‘these elements, a typical reaction yielding a compound 
of 4-covalent nickel is that between the nickel and cyanogen ions yielding the complex nickelocyanide ion: 
Ni** + 4CN= = [Ni(CN),]-~. _ The nickel ion has the electronic configuration shown in Fig. 19 (a), which 
accords with its magnetic moment. Since in this part of the periodic system 3d- are more firmly bound 
than 4p-electrons, the four vacant orbitals used to link the cyanogen groups are probably those indicated in 
» Fig. 19 (6), in which the nickel ion is represented in an activated form. . 
The nickel valency electrons would then be derived from the configuration (3d)(4s)(4p)?._ Four equivalent 


bonds derived from this configuration would have to be obtained (as can easily be seen) from hybrid orbitals 
of the form 


1 
is + id + GP. 


Pauling showed that four hybrid orbitals of this kind give four strong bonds of relative strength 2-694 which 
are co-planar and havé intervalency angles of 90°. These orbitals thus provide a theoretical basis for the 
square valency configuration. 


It may help towards a more concrete idea of the manner in which this-arrangement of the valencies results 

if the hybrid orbitals are considered in relation to the forms of the component electronic waves. 3-Quantum 
,electrons form standing waves with two nodal surfaces. The two surfaces may, as we have seen, either be 
two spheres (giving s-electrons), or one sphere and one plane (giving-p-electrons); but there is evidently 4 
third possibility, namely, two planes, and this gives d-electrons. . wn Fs : 

The two nodal planes, as would naturally be expected, are perpendicular to one another and pass through 
the nucleus. The general form of the standing wave conditioned by a nodal system of this kind is easily see 
(it is shown in equatorial section in Fig. 20). It must consist of four lobes, one in each quadrant. The dis 

_ placements must be of opposite signs in adjacent quadrants and the line of intersection of the nodal planes 
will be an axis of twofold symmetry. The equatorial plane will be a plane of symmetry for each lobe. The 
wave will have a maximum amplitude on four axes in the equatorial plane bisecting the angles between the 
nodes (the axes of x and y in the figure) and the maximum extension of each lobe will be along these axes. 

There are four d-orbitals of this form differing only in orientation. The relation of the orientation of the 
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d,- to those of the p,- and p,-orbitals is shown in the figure. (The fifth d-orbital has a different form, having 
a bi-conical nodal surface.) To obtain the form of the electron wave corresponding with the hybrid orbital 
#,, we have first to consider the superposition of $s on jd: In the two lobes of the d, wave traversed by the : 
x-axis the displacements are in the same sense as jn the s-wave; in those traversed by the y-axis they are in 
the opposite sense to those of the s-wave. The ~~ thus results in the amplification of the amplitudes 


in the #-lobes and their diminution in the y-lobes. When —-~ Hi = p is then superposed on the resultant wave there 


will be a ‘further amplification in the right-hand x-lobe, but in the left-hand x-lobe the amplitudes will be 
diminished, since in a p-wave displacements are in opposite senses on either side of the nodal plane. The wave 
finally resulting from the superposition of the three components thus has its maximum extension along the 

#-axis in the positive direction (i.e., to the right in the diagram), and a bond formed by an electron in this state 
would be in that direction. 

The second hybrid orbital ¥, differs from the first in the sign of the p, component. This change of sign is 
equivalent to an interchange of the two halves into which the p, wave is divided by its nodal plane. Hence 
when —(1)¥2) )p is superposed on the resultant of ($s + 3p) amplitudes will be diminished in the right- -hand 
sx-lobe and correspondingly increased in the left-hand lobe. The resultant wave will have its maximum ex- 
tension along the x-axis in the negative direction and this will be the direction of the corresponding bond. 
The orbitals y, and y¥, thus give two oppositely directed bonds along the x-axis 

The next pair of orbitals Ys and y, differ from the first pair in two respects only: (i) the sign of the d, 
component is reversed, (ii) p, in the last term is replaced by p,. As the diagram plainly shows, each of these 
changes is equivalent to a rotation of 90° in a clock-wise direction about the z-axis. This pair of orbitals, 
therefore, like 4, and 2, gives two oppositely directed bonds, but these lie along the y-axis. The set of four 
orbitals is thus seen to yield four mutually perpendicular coplanar bonds. — 

A very important stereochemical class—second in importance only to the tetrahedral 4-covalent compounds 
—is formed by the derivatives of elements having the covalency 6. Compounds of this type occur chiefly 
among the metallic co-ordination derivatives, and experimental investigation has invariably shown them to 
have an octahedral configuration. As an example of a metal giving 6-co-ordination derivatives cobalt may be 
taken, since in this element the tendency to form such compounds is especially marked. The cobaltic ion 
has the electronic structure indicated in Fig. 21 (a) but the 6-co-ordination derivatives of cobalt are presumably 
derived from the activated form indicated in Fig. 21 (b) which provides the six vacant orbitals required without 
going to a higher level than 4p. 

The bonding orbitals would then be derived from the configuration (3d)*(4s)(4p)*. Applying the same 
methods as he used in deriving the tetrahedral and the square hybrid orbitals for 4-covalent atoms, Pauling 
showed that from this group a set of six equivalent hybrid orbitals can be formed having the relative bond 
strength 2-923 (almost equal to the maximum strength 3 obtainable from s-, p-, and d-orbitals), with the bonds 
directed towards the corners of a regular octahedron. Thus the octahedral 6-covalent type also can be brought 
into relationship with the electronic structure of the atoms with which it is associated. 

There remains now only more valency type to be dealt with—that occurring in atoms with a : covaleney 
of 5. Several compounds of 5-covalent atoms have been examined—chiefly by elegtron diffraction—and all 
found to be trigonal bipyramids. The bipyramidal arrangement places the valencies in two sets—a triad 
lying in the equatorial plane with intervalency angles of 120° and an opposed pair directed along the polar 
axis, tWhs-making angles of 90° with the equatorial triad (Fig. 22). It would seem evident that these two sets of 
valencies cannot be derived from one single interequivalent set of hybrid orbitals. There isindeed some experi- 
mental evidence of a difference. Pauling (‘‘ The Nature of the Chemical Bond,”’ 1939) states that V. Shomaker 
unpublished investigation) has obtained evidence that the two chlorine atoms at the apices of the pyramids in 
phosphorus pentachloride are 2-11 a. from the phosphorus atom, the other three being at 2-04 a. It should 
be stated, however, that other investigators have discovered no measurable difference in the bond lengths 
tither in the phosphorus pentahalides or in molybdenum pentachloride. 

Taking the phosphorus. pentahalides as the simplest examples of this configurational type, we have first 
fo consider how the quinquevalent phosphorus atom arises. It must be produced from the ground state by 
the promotion of one of the paired 3s-electrons to an unoccupied orbital, giving a state with five unpaired 
tlectrons, and we have to determine to which orbital the promotion will take place. It will evidently be 
tither a 3d- or the 4s-orbital. 

In the spectrum of un-ionised phosphorus (PI) examined by Robinson (Physical Rev., 1936, 49, 297) terms 
xcur derived from the combinations (3s)*(3p)*(4s) and (3s)*(3p)*(3d)—that is, from combinations arising from 
the ground state by the promotion of a (3p) electron in the one case to a (4s) and in the other to a (3d) orbital. 
The terms where the promotion is to a (4s) orbital are lower in level by 1-7—1-8 electron-volts than those in » 
Which it is to a (3d) orbital. It is hence to be inferred that the most probable structure for the quinquevalent 
phosphorus atom is that arising from the ground state by the promotion of a (3s) electron to the (4s) orbital 
ee Fig. 23). We should then have to form from the resulting configuration (3s)(3p)*(4s) two sets of hybrid 
tbitals—one for the three equatorial, the other for the two polar bonds. 
axes. We have seen in discussing the valencies of the Group III and Group II elements that three equivalent 
of the planar bonds can be formed from the combination and two collinear bonds from the 
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(s)(p). The question therefore at once arises whether the three equatorial bonds could not be formed by 
hybridisation of the 3p,, the 3p, and one of the s-orbitals, while at the same time hybridisation of the 3p, and 
the remaining s-orbital yielded the two polar bonds. From the five valency electrons mutually independent 
orbitals could be thus constructed which would give a set of five bonds having the correct orientation. 


Fic. 23. 


3d 


- 3s. 3p 


In this review of the chief types of bond arrangements the configurations have been considered from the 
point of view of the method of “ localised pairs.”” The method admittedly does not provide rigorous explan- 
ations of valency configurations. It uses considerable approximations, it depends on rules not fully established, 
and its conclusions are drawn from considerations of the isolated atom. _ 

Nevertheless, the methods and rules employed are eminently reasonable and command general assent, 
Their application leads simply and naturally to results which accord with the experimental facts, and the 
method undoubtedly provides the easiest means of approach for chemists who desire some knowledge of the 


causes which determine normal valency configurations.* 


In preparing this lecture I have been indebted to helpful discussions on various points with Professor 
J. E. Lennard-Jones. 


* For multiple bonds, which lie outside the scope of this lecture, other methods have been developed. 
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SIR JOSEPH J. THOMSON. 
A Memoriat LECTURE'GIVEN AT THE INSTITUTION THEATRE ON APRIL 16TH, 1942. 
By Lorp RayLercu, F.R.S. 


Ir is fitting that a lecture in memory of J. J. Thomson should be given in this.room, where his living voice 
has so often been heard. For the older part of the company, including. myself, it is hard to gealise that we shall 
not see him enter the room and take his position behind this table again. To the younger part, on the other 
hand, it probably seems that he belongs altogether to the great tradition of a bygong day. 

To begin with a few biographical details. Thomson was born in Manchester in 1856, the son of a book- 
seller and publisher of that city. His father died early, and there was little of special note in his early home 
surroundings. He did not go to a public or secondary school; nor was it easy for those who knew him in 
later years to see that he had. suffered in any way for the lack of this experience. He was only 14 when he 
went to Owen’s College, Manchester, and it was probably at this time that he remarked in the presence of Miss 
Gertrude Mellor, then a little girl, that he intended when he grew up to “ go in for original research.”” This 
remark was not taken very respectfully. Mr. G. V. Vernon, a cousin of the older generation, tapped him on 

the head and said, ‘‘ Do not be suchra little prig, Joe.” 

’ At Owen’s College, Thomson came under the influence of Balfour Stewart, and it was probably from him 
that the idea of original research was derived. It soon bore fruit, and a small piece of work was published by 
the Royal Society which was done in Stewart’s laboratory. Thomson’s marked mathematical ability had 
attracted the attention of Barker, the professor of that subject, and he went to Trinity College, Cambridge, 
with a Minor Scholarship in 1876. 

At Cambridge his great abilities were soon recognised, and he became in due course a fellow and lecturer 
at Trinity. When the late Lord Rayleigh resigned the Cavendish Professorship of experimental physics at 
the end of 1884, J. J. Thomson was elected to succeed him. It was at the Cavendish Laboratory that the 
great work of his life was done. From the first he gave his attention to the discharge of electricity through 
gases. His stimulating personality soon attracted a band of research students. Some of them were Cambridge 
graduates, others came from various parts of the Empire, and later from the United States, and to a less extent 
from other countries. Conspicuous among the early arrivals were E. Rutherford and J. S. E. Townsend. 
The discovery of the X-ray by Réntgen happened fortunately at this time, and opened up a new vein of ore 
which was vigorously exploited by Thomson and his brilliant research corps, as Lord Kelvin called it. ° 

There do not appear to exist any snapshots of J. J. going on his daily rounds in the laboratory. It isa 
great pity that no such were taken. I had daily opportunities of doing it myself for years, but it never 
occurred to me, nor so far as I know to any of my fellow workers. Let me appeal to the younger generation 
not to neglect their opportunities in the same way. In the absence of any such, I will show you a picture of 
]. J. with Dr. Irving Langmuir, which was taken in America in 1923, at- the laboratory of the General Electric 
Company. It recalls very well the spirit of his daily rounds at the Cavendish laboratory. You see how he had 
pushed up his spectacles on to his forehead to.examine whatever it was that was being shown him. This was 
avery characteristic gesture. He used his spectacles in order to focus the distance, and discarded them for 
anything near. 

I do ant think we realised in those days the enormous energy that must have been expended on those daily 

ds. Weeach expected J.J. to propose the problems for investigation, to enter into our individual difficulties, 
agg what we should do next when our own efforts were baffled and exhausted. Further, he had to 
sxe that we had the necessary equipment. If money had been plentiful, this would have been less difficult, 
but in fact there were hardly any resources available except certain fees from lectures and there was a constant 
struggle for the possession of the more desirable pieces of apparatus. Possibly the picture I have drawn above 
may seem a little over-charged. Of course men like Rutherford and Townsend did not require to be helped ower 
every or perhaps any stile: but J. J. spent as much or more time with them as with the weaker brethren. 
No doubt he enjoyed discussion with them, when he could hope to learn something himself. Nobody needed to 
be afraid to put any view before him, on the ground that it was not well considered. He seemed to enjoy argu- 
ment with anyone who could or would stand up to him, though he was at times curiously obstinate in maintain- 
ing an untenable point of view, and I have seen him abruptly change the subject rather than admit that it 
vas untenable. 

Considering that J. J. had at times 30 or even 40 research students working under him, and that he went 
the round daily, when they laid their difficulties before him, it may well appear that the energy he expended 
n this way must have been prodigious. People differ very much in the extent to which they can do this sort 
of thing, and in thow much it costs them to doit. -I do not think Stokes or Rayleigh could have done it at all— 
hey would generally require notice of the question put to them. On the other hand Kelvin or J. J. Thomson 
bt Rutherford, especially the first two, were ready with their comments and seemed able to give them with zest, 
nd without much cost to themselves in effort or fatigue. 

J; J. was never, in my experience at least, cross or short-tempered, or dangerous to approach. He was also 
in general very patient with the assistants, conscious no doubt that even if things did not go well, they were, 
levertheless, doing their best. If they made mistakes through want of scientific knowledge, he patiently 
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explained wherein they were wrong. For instance, he found his assistant one day putting pieces of indiarubber 

into liquid air, to make it boil more freely, which he supposed would lower the temperature just as if the liquid 

air was caused to boil under an air-pump. J. J. betrayed no symptom of irritation, but calmly explained the 
mistake. 

It is impossible in the course of an hour’ s lecture to give an adequate nondanii of his life’s work, but at the 
same time something must be attempted, afd I shall try to explain how, starting with the phenomenon of the 
cathode rays, Thomsen arrived at the conception of the electron. This was perhaps the highest peak of his 
achievement. I was personally privileged to hear the development of his ideas from time to time while jt 
was going on, and to get some glimpses of his experiments. 

By way of preface to,what is to follow, we must now make the meaning of the expression cathode rays 
quite clear. It originated in Germany (Kathoden-strahlen). Let us suppose the electric discharge of high 
tension to pass through a highly exhausted space, using as the negative electrode a flat metal disc. Then we 
shall see that an influence is propagated normally from this flat cathode in some respects reminiscent on a smail 
scale of the beam from a searchlight : for its track is marked out by a blue luminous haze, and it produces a 
patch of light when it comes up against the wall of the glass tube, just as the searchlight does when it comes 
up against a cloud. If the cathode-is concave, the beam converges to a focus. If convex, it diverges. Its 
direction is independent of the anode, which may be placed to one side, or may be a plate with a hole suitably 
placed through which the beam will pass. This beam of pencil constitutes the cathode rays. It differs from 
_a searchlight beam in a striking particular, in that it can easily be bent about by bringing a magnet near it, 

If the magnet is so placed that the lines of force stretching between its poles are at right angles to the beam, 
then the beam will be displaced in a direction at right angles to itself and to the magnetic lines. 

A further important fact about the cathode rays is that when they strike a solid obstacle, such as the wall 
of the glass tube, they heat it strongly where they impinge, and give rise at the same time to an emission of 
X-rays. These rays are not connected with the'visible (green) fluorescent light which is given out by the glass 
wall, and which has already been mentioned. This is proved by the fact that the cathode rays are received 
on a metal target, this gives out X-rays, but no visible light. Although, as we have mentioned, the path of 
the cathode rays, like the path of a searchlight beam, is marked out by a luminous haze, this is not the essence 
of the phenomenon in either case. The track of the searchlight, as seen from the side, is conspicuous if the 
air is misty: otherwise very much less so. Similarly, the track of the cathode rays is easily traced if the gas 
pressure is say a ten-thousandth of the atmospheric pressure. If the pressure is much less, say a millionth 
of the atmospheric pressure, the track is no longer traceable but the asecaaaes effects are produced when 
the rays strike a solid obstacle. - 

_ There were two schools of thought about the nature of cathode says. It may be said broadly that the 
English school considered them to be corpuscular, carrying a charge of electricity, and that the German school 
considered them to be of the nature of a wave propagation. In the present state of science this issue is by no 
means so definite as it was at the time between 1870 and say 1905, of which we are now writing. I do not 
think that it would be useful or would conduce to clearness if the difficulties of the present day, which were 
then undreamt of, were imported into the history of thought in those times. In the present account the issue 
will be presented in the way which appealed to contemporary thought. 

The corpuscular view was probably first insisted on by C. F. Varley in 1872, and Lord Kelvin was always 
strongly insistent on the merits of Varley’s contribution. The beautiful experiments of Crookes about 1879, 
which from the point of view of showmanship have perhaps been scarcely rivalled in any field of scientific 
experiment, were also interpreted in this way, and although in some cases the interpretation was too a 
there can be no doubt that he strengthened the corpuscular view considerably. 

Crookes was perhaps the first to show in a really clear and satisfactory form the magnetic deflection of a 
rays, though this had been in a sense foreshadowed by Pliicker as early as 1858. The rays are found to be 
notably deflected by even weak magnetic forces such as can be produced by a small horse-shoe permanent 
magnet. This experiment is quite easy to repeat, and has generally and rightly been considered crucial. 
We shall see why in the sequel. In the meantime, it is desirable to remark that a wire carrying an electric 
current experiences the same kind of force, in a magnetic field, and is pushed at right angles to its own eum: 
_and to the magnetic force. 


The most important exposition of the anti-corpuscular point of view was in a paper by Hertz in 1883. He © 
made experiments with a view to detecting an effect of the cathode stream on a magnetic needle. These | 


experiments seem open to obvious objections which he never mentions. As regards the magnetic deflection 
his point of view will best be explained in his own words (translated): “ It seems to me probable that the 
analogy between the deflection of the cathode rays and the electro-magnetic action is quite superficial. Without 
attempting any explanation for the present, we may say that the magnet acts upon the medium, and that in 
' the magnetised medium the cathode rays are not propagated-in the same way as in the unmagnetised medium. 


This statement is in accordance with the above-mentioned facts, and avoids the difficulties. It-makes no 


comparison with the deflection of a wire carrying a current, but rather suggests an analogy with the rotation 
of the plane of polarisation in a magnetised medium.” 

Besides Hertz, E. Wiedemanv and E. Goldstein, two other well-known workers on this subject, advocated 
a similar point of view. Von Helmholtz, who was Hertz’s master, also seems to have supported it for a time, 
though a few years later he came to think otherwise. 
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Another important point tested by Hertz was to try whether the cathode rays, fired into a metallic vessel 
(known in this connection as Faraday’s cylinder or Faraday’s ice-pail), would carry with them an electric 
charge, detectable by an electrometer connected with the vessel. He failed to @bserve this effect, but the 
design of his experiment was open to certain objections which were removed in a later investigation by Perrin 
in 1895, directed to the same question. Perrin got definite evidence that the rays carried a negative charge. 
J. J. Thomson, in a modification of Perrin’s experiment, showed that if the Faraday cylinder was put out of 


the line of fire of the cathode rays, it acquired a charge when, and only when, the cathode rays were so deflected 
by a magnet as to enter the cylinder. 


J. J. Thomson previous to 1895 had been much exercised by these difficult and dubious questions, and he 
recapitulated the controversy in a course of lectures on electric discharge which he gave in 1894 and which I 
attended as a freshman. This was certainly not what a freshman ought to have been doing, but I do not 
regret it. Much of what has been said above recapitulates what I then learnt from him. He left the im~ 
pression that he considered the magnetic deflection almost conclusive evidence for the corpuscular theory, 
and allowed us to see that he was not impressed i ee oy suggestion of an analogy with the rotation of the 
plane of polarisation. The observation by Hertz that the cathode rays could get through gold leaf and the 
development of it which had just been made by Lenard, who got the rays out into the open air through a thin 
aluminium window, was felt to be a hard nut to crack; it was difficult to envisage electrified particles as getting 
through an air-tight metal partition, and Thomson was inclined, if I remember rightly, to think that perhaps 
anew corpuscular stream might be generated on the far side. 

Thomson had always been impressed by the magnetic deflection of the cathode rays, which distinguishes 
them so sharply from light and from X-rays, as giving the key to the whole problem. In this he differed from 
the German physicists, who, prepossessed with the other view, were inclined to emphasise the phenomena 
which seemed to them to confirm it. He began by measuring the amount of magnetic deflection. This he 
did by arranging that the beam of cathode rays should be immersed in a region of uniform magnetic force of . 
known amount, produced by a large coil of wire. This field did not need to be very strong. It was found 
to be enough to use a field of 35 units, i.¢., about 200 times the horizontal magnetic force of the earth, and this 
would bend the cathode rays used into a circle of 9 cm. radius. -J. J., writing about this subject long after- 
wards, said: ‘‘ I had for a long time been convinced that these rays were charged particles, but it was some 
time before I had any suspicion that they were anything but charged atoms. My first doubts as to this being 
the case arose when I measured the deflection of the rays by a magnet, for this was far greater than I could 
account for by any hypothesis which seemed at all reasonable if the particles had a- mass at all approaching 
that of the hydrogen atom, the smallest*then known.” 

On the corpuscular view, the stream of charged particles constitutes an eléctric current, and experiences 
a lateral force in a magnetic field in the same way as a wire carrying an electric current. It is true that there 
is a difference, since in the one case it is a stationary piece of metal that experiences the force, and in the other 
(we suppose) a stream of separate electrified particles in rapid motion. This difference is partly bridged over 
by an experiment made by Rowland on the magnetic effect of electrical convection. But in discussing the 
deflection of the cathode rays it is assumed that their current-carrying aspect is the essential one. We calculate 
the sideways force as being the same as on an element (short length) of a current-carrying wire. Ina magnetic 
field of 1 gauss the wire carrying 1 ampére experiences a force of 745 dyne for every centimetre of its length. 
Now transfer this point of view to the cathode beam in a magnetic field of one gauss. If it.conveyed a whole 
ampére, a whole coulomb of electricity would pass any point in a second, and 1 cm. length of the beam would 
have a charge of 1/v coulombs, if v were the velocity. Upon this charge there would be a force of yp dyne. 
This illustrates by a special case how the sideways push on a thoving charge can be calculated in terms of the 
velocity and the amount of the charge, and the magnetic field in which it moves. 

Some writers have used with advantage the phrase ‘“‘ magnetic stiffness ” of cathode rays to express the 
strength of the transverse magnetic force necessary to bend them, just as’one measures the stiffness of a spring 
by the mechanical force necessary to bend it. (It must not be forgotten, however, that the spring is deflected 
in the direction of the transverse mechanical force applied, whereas the cathode rays are deflected at right angles 
to the direction of the transverse magnetic force applied to them.) Now the magnetic stiffness does not depend 
only on the mass of the particles as the above quotation from Thomson might suggest, if the qualifying phrases 
were ignored. It depends really on two things, one of them being the velocity of the particles, and this, as 
may be imagined, is variable according to circumstances. But there is another quantity involved, which 
requires a little more explanation. Evidently the electric charge carried by the particles enters, since it is 
on this that the electro-magnetic action depends, but the acceleration which the electro-magnetic force produces 
in moving the particles sideways will be less if the particle is massive than if it is less massive. The mass of 

the particle and its charge enter into the question not independently, but as a ratio. It is fairly easy to see 
from another point of view that this must be the case. All the particles of the stream move along the same 
curved path. If we supposed two of them temporarily stuck together, nothing would be changed. The curved 
path would still be followed by the particles, now imagined to be Siamese twins instead of mere neighbours. 
. The aggregate mass is double, but the charge is double also, and the change is without effect. This indicates 
that the mass and the charge enter asa ratio. This ratio, combined with the velocity, determines the amount 
of the magnetic deflection; or, conversely, knowing the magnetic deflection, we can obtain some information 
about the ratio of charge to mass and the velocity. If we make a guess.at the velocity, we can determine 
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what ratio of mass to charge would follow. Thomson thought that the velocity was almost certainly large 


_ compared with ordinary molecular velocities. 


It may be suggested what we want to know is the mass, and not merely the ratio of mass to charge. Asa 
matter of fact, the latter was the more instructive, because Thomson knew the ratio of mass to charge of 
ordinary atoms, by the phenomena of electrolysis, and it was a comparison of this kind that led him to doubt 
whether the cathode ray particles could be atoms. He has not given us his provisional calculations in detail, 
but it is possible to reconstruct them. Take the case mentioned when the rays are bent into an arc of 9 cm, 
radius by a magnetic force of 35 units (gausses) applied transversely. If the rays consisted of charged hydrogen 
atoms, then, as in the électrolysis of water, about 10-5 gram of hydrogen is associated with a coulomb of elec- 
tricity.* Wecan find what velocity a stream of such particles would need to have in order to bring its magnetic 
stiffness to the observed value. The required velocity is 31 kilometres per second. It may assist the imagin- 

-ation to recall that this is about the velocity of the earth in its orbit round the sun. 

If the atom of hydrogen were left to find its natural velocity when in temperature equilibrium with the 
molecules of air in a room, the velocity would be about 2-6 kilometres per second, about 34,th the hypothetical 
yelocity we have calculated for it in the cathode rays. Thomson did not think that 12 times the normal 
velocity they would have had anyhow was enough to confer upon hydrogen atoms the extraordinary properties 
possessed ‘by the cathode stream: even allowing for the fact that they were electrically charged. The argu- 
ment in this form was not conclusive. We are merely trying to imagine in a little more detail what Thomson 
has hinted to us of his intellectual gropings at this stage. 

Evidently it was necessary to know something more about the cathode rays than their magnetic stiffness 
if the argument as to their nature was to be made in any sense complete. One sufficient reason for this is that 
the magnetic stifiness is variable, becoming greater as the tube is more highly exhausted and the discharge 
potential increases. It is not in itself a standard datum, because it involves not only the nature of the particles, 
but also their velocity. We must have some other information if we are to get any further.. In mathematical 
language we require two equations to determine two unknown quantities. 

Now there were other properties of the cathode rays which lent themselves fairly easily to measurement, 
and Thomson saw clearly that he was certain’ to'get some result which would help to clarify his ideas if he 
measured (1) the heating effect of the rays, and (2) the electric charge carried. Both these effects, as we have 
seen, had been well and definitely observed in a qualitative way, and it could not be doubted that the measure- 
ment was feasible, and indeed comparatively straightforward to carry out. Neither of these quantities would 
be of any definite use alone, because they would depend on the arbitrary intensity of the rays. It is no use, 
é.g., cutting off a piece of rope at random, and expecting to find out“anything. of value by carefully measuring 
its length only. If, however, we measure the length and weight of the same piece, we shall learn something 
about the character of the rope. In the present case it was necessary to measure the charge and the energy 
carried by a certain arbitrary quantity of cathode ray stuff—no matter what quantity as long as we carry 
out both measurements on the same (arbitrary) portion. 

Thomson now made a quantitative experiment on these lines. He measured the electric charge in the way 
already indicated, and by placing a thermo-couple inside the metal case or ‘‘ Faraday cylinder ’’ into which the 
rays were received, he measured the rate of heating of the thermo-couple as well as the rate of charging of the 
Faraday cylinder and the electrical condenser connected to it. Knowing the thermal capacity of the one in 
calories per degree, and the electrical capacity of the other in microfarads, he could compare the energy received 
with the electric charge received. But the energy depends on the mass and velocity. In this way a relation 
is obtained between the electric charge on the one hand and the mass and velocity on the other; or if we prefer 
so to express it, between the velocity on the on hand, and the ratio of charge to mass on the other. One such 
relation had already been obtained by measuring the magnetic stiffness. Combining the two relations it was 
possible to determine without ambiguity the velocity and the ratio of mass to charge. ' 

Thomson had found that a field of 35 gausses would bend the rays into an arc of 9cm. radius. His further 
experiments showed that the rays carried energy at the rate of 2-6 x 101° ergs per coulomb of electricity. 
Combining these data, it is possible to deduce that : 

The velocity is 15,000 kilometres per second. . 

The ratio of mass to charge i is 2 x 10-* gram per coulomb. 

Thus the more complete information obtained by the measurement of charge and energy showed that, as 
Thomson had guessed, the velocity was enormously larger than molecular velocities, and that the particles 
were something entirely different from hydrogen atoms, having a much smaller ratio of mass to charge. 

This conclusion, with the arguments which we have presented so far, was announced at a Friday evening 
lecture at the Royal Institution on April 30th, 1897. Thomson does not labour the momentous conclusion to 
which the experiments had led him, but says merely : ‘‘ These numbers seem to favour the hypothesis that the 
carriers of the charges are smaller than hydrogen atoms.” 

It does not appear that this lecture made a great sensation in the scientific world, still less in the world 
outside. I do not think that I myself heard anything about it at the time, and only heard the conclusion he 
had reached some weeks later at Cambridge. The probabilities are that few of the audience really took in 
Thomson’s argument, which, after all, requires the assembling of a good many lines of reasoning which were 
not then familiar. However, they no doubt realised that he was saying that he had found bodies smaller 


* The coulomb is one ampére-sécond. 
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than hydrogen atoms, a statement which, in the then condition of science, was thought to be paradoxical, or 

even self-contradictory, an atom being (it was said) the smallest portion of matter that did or could exist. 
He did not himself think that what he said made many converts, and hé believed that some of his caqpence 
did not think he was speaking seriously. 

Thomson had gone forward so far on a fairly secure path—the properties of the cathode rays which he had 
measured were qualitatively quite well established, and even conspicuous, and when once the conception of 
measuring them had been grasped, he was able to proceed so far without serious difficulty. But there remained 
a formidable obstacle in the path, and until it was resolved aa whole position was uncertain, and might be 
found td rest on unsound basic hypotheses. 

If the cathode stream really consisted of electrified particles, it ought to be capable of deflection by a trans- 

verse electrostatic force. ~ Thus, if it passed between the plates of a condenser, the negatively charged particles 
should be attracted by the positive plate, and repelled by the negative. That this should be the case was 
clearly appreciated by Hertz in 1883, but he had not succeeded in making the experiment work, and he regarded 
its failure as telling against the corpuscular nature of the rays. Since Hertz’s work, the matter had been 
carried somewhat further by Goldstein, who described an experiment, not difficult to carry out, which certainly 
seemed to show that under some conditions the rays could be electrostatically deviated. Goldstein’s experi- 
ment consisted in arranging two wire cathodes along the length of a cylindrical glass tube. They were parallel 
to one another, and lay on either side of the axis. If only one of these was connected, then the other one acted 
merely as an ordinary shadow-throwing obstacle, and cast a shadow on the opposite wall, because it screened 
this wall from the cathode rays. But if the second wire was connected with the first, the shadow became 
very much broader, though at the same time less dark. That it became less dark was natural, because the 
second cathode was now a source of rays. But why was it wider? This might be explained by assuming 
that there was electrostatic repulsion by the second cathode regarded merely as an electrified body. The rays 
from the first cathode would curl away from it on either side and it would form a much wider shadow than before, 
when the rays were propagated in straight lines. 

Though Goldstein’s experiment was definite as far as it went, and a helpful contribution ,towards solving 
a puzzling problem, it was not felt to have clarified the situation. The conditions around an active cathode 
contained many elements of uncertainty. The electric force near a wire could not be uniform under any 
circumstances, and when a discharge was going, its value at any particular place was incalculable owing to 
lack of knowledge of the distribution of free electricity in the surrounding space. Moreover, a space which 
was traversed by a luminous discharge was subject to unknown conditions. It was a land of magic and mystery, 
where anything might happen. What was wanted was a deflection fn a space where there was simply a uniform 
measured electrostatic force and no unknown complications or uncertainties. 

Thomson had thought about these things a good deal, and suspected that the conductivity of the residual 
gas might be the disturbing cause. He repeated Hertz’s experiment, passing the beam of cathode rays between 
a pair of parallel plates, connected to a battery of storage cells. The beam was arranged to be narrow, and 
the position when it fell on the glass end of the tube could be pretty accurately located by the phosphorescence. 

Thomson at first got the same result as Hertz—no deflection where the battery was connected. But his 
attention beihg concentrated on the question of conductivity of the residual gas, he measured this in the usual 
way, and found it to diminish rapidly as the pressure in the discharge tube was diminished. This gave him 
encouragement to try whether he could observe the electrostatic deflection at the lowest pressures. It was 
found at a certain stage that the expected deflection occurred for a moment when the deflecting battery was. 
connected, but that the phosphorescent spot soon crept back to its undeflected position. Lowering the pressure 
still further, it was found that a permanent deflection could be obtained, proportional in amount to the voltage 
applied to the deflecting plates. He could detect it when this was only 2 volts. It was considered that the 
failure to get deflection at higher pressures was due to the accumulation of electric charges on or near the de- 
flecting plates, which prevented the electric field between them being uniform and in effect protected the beam 
of cathode rays from really experiencing the lateral electric force which it was attempted to apply to it. This 
success in getting the electrostatic deflection greatly helped to clear the situation, and left little room for doubt 
that the corpuscular theory of the cathode rays was the right one. More than that, it formed the basis of an 
independent method of investigating quantitatively the properties of the rays, and checking the results already 
described. 

Let-us see what information can be got from observing both the magnetic and the electric deviation, or 
arranging for a balance between them. It is easy to arrange that they shall give deflections in opposite direc- 
tions, and we shall suppose this done. “We shall suppose also that the electric and the magnetic field are 
uiform, sharply limited and coterminous, conditions which unfortunately cannot be accurately realised in 
Practice: but for our purpose the simplification can be allowed. Let us suppose further that the electric 
and the magnetic field are kept fixed at a constant value.- Then, if a particle travels slowly along the length 
of the fields it will-be pushed sideways by the electric force in full strength, just as if it were not moving at all. 
But when we come to consider the magnetic force, the case is far otherwise. A slow procession of particles 
Means a small electric current conveyed, and therefore the mechanical force on the procession or stream is 
small, and it only exerts a small sideways push on each of them. In this case, then, the electric defection 
predominates. 


Consider now the other extreme, when the stream of particles is moving very fast. In this case the push 
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of the electric field is the same as before, but the push of the magnetic field is enormously increased, and if the 
motion is fast enough, it predominates and there is putstanding magnetic deflection. 

It is clear that an intermediate speed must exist at which these two opposite deflections will neutralise one | 
another. What this critical speed is will clearly be found from the ratio of the two fields. If we doubled 
both, the balance would be preserved. If we increased, ¢.g., the electric field-only, the necessary Speed would 
have to be increased in order that the magnetic push should still be able to balance the increased electric push. 

We see, then, that the critical speed is tied up to the relative value of the fields, and we can say, from the 
theory of electromagnetism, what speed would be critical. Ifthe speed is unknown, we can fix it by determining 
the relative value of the fields which will make it critical. If, for example, we applied a transverse electric 


field of 100 volts per cm. and found that we were able to compensate its action by a magnetic force of 10 gausses, © 


the velocity must be 10® cm. per second. This was about what Thomson found in some of his experiments. 

If the coterminous fields are 10 cm. long, the particle will travefse them in 10-* second. The theory which 
we have already sketched shows that the transverse force due to the magnetic field in the case mentioned is 
10® dynes on every coulomb of charge conveyed. It would of course require an enormous number of particles 
to make up as much as 1 coulomb. However, that is not the essence of the matter. The calculations we are 
now considering apply to cathode-ray stuff in the aggregate, and are not limited to one particle, or to a thousand 
particles. 

We wish to consider what sideways drift this ought to produce on the stream when it traverses the full 
length of the magnetic field, the electric field being now removed, and the magnetic field acting alone. That 
depends on the mass-associated with a coulomb of electricity. Let us make a tentative supposition about 
this, and suppose it were the same as in the case of hydrogen atoms in the electrolysis of water. We saw that 
this hypothesis broke down hopelessly before, but let us give it another chance, and see if it can do any better 
this time. A coulomb of electricity passing through acidulated water sets free 10g. of hydrogen, very nearly, 
There are therefore 10-5 g. associated with a coulomb of electricity. The question is then how far would a mass 
of 10-5 g. be moved by a force of 10° dynes acting for 10-* second. Those who have studied, e.g., the free fall 
of a stone under gravity will be able to answer this question. The answer is that the distance would be only 
goth_mm., a distance in any case difficult to measure by the unaided eye, and imperceptible in the conditions 
of experiments like these. 

Actually, however, when the magnetic field of 10 gausses alone acts, the sideways displacement i in traversing 
this field is.very conspicuous, and amounts to about 5 cm.; so that evidently it would again be quite wrong 
to suppose, as we have done provisionally, that every coulomb of electricity was loaded with as much as 10° g. 
of mass, like hydrogen in electrolysis. Thé inertia of the stream is far less, and the distance it makes sideways 


is far more than could possibly be reconciled with this supposition, and in fact the large sideways displacement - 


actually made shows that in the cathode ray stuff there can only be about 10~ g. associated with a coulomb 
of electricity or 108 coulombs associated with 1g. This confirmed the former result obtained by quite a different 
method, so the position was now very much strengthened. In no case known before this time was electricity 
associated with so small a mass as in the case which we have cited; so the provisional supposition which was 
proposed above was the best attempt that could be made to meet the facts. If we wanted to get the maximum 
of electricity on to the minimum of matter, charged hydrogen atoms as revealed in electrolysis represented the 
best that contemporary conceptions could do. But, as Thomson pointed out, this best was an entirely in- 
adequate best. It was necessary to invent some kind of stuff such that a gram of it would carry not merely 
105 coulombs, but 10® coulombs. In this account we have only used round numbers. 

So far in discussing Thomson’s work of 1897, I have avoided saying much about atoms or particles, because 
after all the phenomena described are not of such a nature as to reveal directly a particulate character in the 
cathode stream. They might equally occur if the matter concerned were a continuous fluid. But there could 
be little or no doubt that if the stream were to be regarded as material at all, it must consist of discrete particles. 
The low density of gases and their general behaviour had forced the conclusion that the molecules in them 
were moving freely, and were separated by wide intefspaces, and the same must apply a fortiori to the cathode 
stream, which was much more tenuous still. Crookes had indeéd spoken of the cathode stream as constituting 
a fourth or ultra-gaseous state of matter. What kind of particles did the stream consist of? Helmholtz had 
emphasised that the hydrogen atoms in electrolysis must be regarded as each carrying a specific charge. The 
following quotation is from.his Faraday Lecture of 1881 : 


“ The most startling result of Faraday’s law is perhaps this. If we accept the hypothesis that the elementary 
substances are composed of atoms, we cannot avoid concluding that electricity also, positive as well as negative, 
is divided into definite elementary portions, which behave like atoms of electricity. As long as it moves about 
in the electrolytic liquid, each ion remains united with its electric equivalent or equivalents. At the surface 
of the electrodes decomposition can take place if there is sufficient electromotive force, and then the ions give 
off their electric charges and become electrically neutral.” 


If this conception of ‘‘ atoms of electricity ” was to be retained, it became very probable that the cathode ray 
particles carried each its atom of electricity, that is to say, that it carried the same charge as the hydrogen 
atom or other univalent atom in electrolysis. But, if so, it was nece3sary to assume that this charge.was carried 
on a much smaller mass than the hydrogen atom. This followed from the fact, now proved, that cathode-ray 
stuff could carry a coulomb of electricity on a much smaller mass than electrolytic hydrogen could do. 
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This then was the argument which led Thomson to the most important result of his scientific life—the 
existence of masses of a smaller order of magnitude than atoms. The cathode ray stream was made up of 
these small masses, each charged with negative eléctricity. Thomson at this time called them “ corpuscles.’’ 
The word electron came later into general use. 

It is a difficult matter to ensure the sufficient purity of gases used for experiments at these low pressures, 
but Thomson satisfied himself that the above properties of cathode-ray stuff were independent of the nature 
of the residual gas in the discharge tube, and also of the material of the electrodes. He summed up his further 
conclusion in the following way: ‘‘ The explanation which seems to me to account in the most simple and 
straightforward Way for the facts is founded on a view of the chemical elements which has been favourably 
entertained by many chemists. This view is that the atoms of the different chemical elements are different . 
aggregations of atoms of the same kind. In the form in which this hypothesis was enunciated by Prout, tte - 
atoms of the different elements were hydrogen atoms; in this precise form the hypothesis is not tenable, but 
if we substitute for hydrogen some unknown primordial substance X, there is nothing known which is incon- 
sistent with this hypothesis. 

“ Thus on this view we have in the cathode rays matter in a new state, a state in which the subdivision of 
matter is carried very much further than in the ordinary gaseous state; a state in which all matter—that is 

. matter derived from different sources such as hydrogen, oxygen, etc.—is one and the same kind; this matter 
being the substance from which all the chemical elements are built up.” 

Having reached the conception of the electron, it was almost inevitable that an active mind like Thomson’s 
shoild attempt to interpret the structure of the atom in terms of it. There was not much to go on beyond 
the bare fact that all kinds of atoms apparently contained the same kind of electrons, and the structure of 
theory which Thomson built up from this fact was no doubt very speculative. Though it cannot be considered 
to stand in the condition of science to-day, yet it contained much which contributed to and foreshadowed our - 

_present notions. 

To begin with, the general conception that the atom has a certain resemblance to a planetary system is 
used. I do not know who first suggested this comparison, but the facts of spectroscopy were enough to prove 
that the structure of the atom could not be simple, and the comparyon is probably at least some decades earlier 
than Thomson’s time, but it hardly amounted to more than a phrase. Prout had supposed that the constituent 
members of the more complex atoms were atoms of hydrogen. Thomson considered them to be electrons. 

We now think that there was truth in both notions. However, we are considering Thomson’s contribution. 

If the atom was a complex system containirig electrons, the latter might be supposed to be describing 
orbits, or to be held stationary. The latter hypothesis was preferred, not so much on the ground that it was 
more likely as that it seemed more manageable. If the electrons were stationary in the atom, the structure - * 
must be such that it would give them stable equilibrium : that is to say, if an electron were displaced from its ; 
position, there must be a force tending to restore it to'that position. The electrons being negatively electrified, 
they could only be held by positive electrification and the question arises how this positive electrification can 
be supposed to be distributed so as to keep the electrons in stable equilibrium. This is a form of what is some- 
times called the problem of “‘ Mahomet’s coffin,” which according to legend is supposed td float between 
heaven and earth without touching anything. This result cannot be got out of forces which vary as the inverse 
square-of the distance. We cannot hold an electron in equilibrium by any forces arising from electrified bodies 
at a distance from it—as may readily be proved from the theory of attractions. On the other hand, it can be 
done if we put the electron inside a uniform distribution of electrification. 

Thomson made use of this conception, which, as he mentioned, had been used by Lord Kelvin a little earlier. 
He supposed a sphere with positive electrification uniformly distributed inside it, and he placed his electrons 
inside this sphere, leaving them to find their poeitions of equilibriumy under their mutual repulsions and the 
attraction of the positive electricity. 

If there is only one corpuscle, it will place itself at the centre of the sphere. If there are two, they will 
be in equilibrium at equal distances from the centre, along a diameter. If there are three, an equilateral 
triangle meets the case, if four a regular tetrahedron. 

In these cases the corpuscles rest in equilibrium, and they are all at the same distance from the centre, 
lying as we may say on a single shell. Thomson was able to show that when the number was greater, say 
seven or eight, this could no longer be the case. The corpuscles distribute themselves over two concentric 
shells; and with a certain further increase, three shells become necessary. 

In these more complicated cases the theoretical problem becomes unmanageable, and Thomson appealed 
to certain experiments made with magnets by Prof. A. M. Mayer of the Stevens Institute of Technology, 
U.S.A. In these experiments (originally made about 1878) a long bar magnet was held vertically over a bowl 
of water, and on the water a number of thin permanent magnets made from needles floated in corks. The 
Magnets were long enough for only those poles which were near to the water surface to count. * The upper 
pole of the fixed bar magnet, and the under ples of the floating magnets were thought of as far enough off not ~ 

_to be of much account. The acting pole of the fixed magnet was positive, and of the floating magnets negative, 
and these poles then became the analogues of the positive charge and its surrounding electrons, Theconstraint 
introduced by the flotation secures stable oquabes without the device Of a sphere, of positing > ei 
matter in which the electrons are placed. 


The reece feature of these experiments i is that b ay ow the formation of successive rings of magnets. 
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For example, any number of magnets up to five will arrange themselves at the angles of a regular polygon, 
but beyond this number they will not do so, and a new inner group begins to form itself by one magnet occupyi 

a central position. This group develops as magnets are added until with fourteen magnets there are nine 
outside and five inside, when a third group begins to develop ; this is complete when there are twenty-six magnets, 
I am pleased to be able to repeat these experiments for you to see. They are not as easy as they look on paper, 
and as some descriptions suggest. But a great improvement has been achieved by using magnetised needles 
of modern magnet steel, which were very kindly made for me by Mr. D. A. Oliver, of the research department 
of Messrs. William Jessop and Son. These magnets are more powerful than those made from sewing needles, 
and take up their positions more definitely, without being much affected by disturbing fofces arising from 
capillarity. 

: J. J. emphasised these experiments as probably giving the key to the periodic law in chemistry, which, 
broadly speaking, states that the properties of the chemical elements are a periodic function of the atomic 
weight, just as the structure of the magnet pattern is a periodic function of the number of magnets thrown in. 
He used to show these experiments in his elementary lectures some years earlier and explain his ideas about 
them in relation to the periodic law. I think he did this before he had the electron idea at all. It was rather 
too strong meat for some of his students, and I remember a fellow student remarking to me that he thought it 
altogether fanciful. / 

The modern view derived by the detailed study of spectra on the principles developed by Bohr and his 
school is very like this, and far more definite. It affirms very definitely, for example, that the rare gases 
correspond to completed rings of electrons. Take neon as an example. The preceding electro-negdtive 
element fluorine contains one electron short of the complete ring, and the electro-positive sodium which follows 
neon, has one more, which cannot find a place in the ring. It would be tempting to read all this into J. J.’s 
account, and he seems to be rather near it; but not quite there. He was no doubt at a disadvantage in that 
_ the periodic law really refers to atomic numbeys. It was in those days formulated for atomic weights, which 
do not follow quite the same order, and cannot be forced into the scheme without some “ cooking’’. His 
ideas can only be considered suggestive. The magnets were only a rough model of his model of the atom; 
and the atom itself was doubtless far fromegither. Nevertheless he did open up a new train of thought : and 
it has in a broad sense been singularly justified by events. 

Passing over J. J. Thomson’s activities in wartime, and as President of the Royal Society, I must say a 
few words in conclusion about his tenure of the Mastership of Trinity College, to which he was appointed by Mr. 
Lloyd George on the death of Dr. Montagu Butler in 1918. He resigned the Cavendish Professorship and the 
directorate of the laboratory, though he continued to work to some extent and to direct fhe work of others. 
But the college now became his headquarters, and he gradually established a great position there, winning the 
respect and affection of the fellows and of the undergraduates, and keeping a wise guiding hand on the college 
administration, and on its financial policy, for which he had a natural aptitude. His was a happy and successful 
life, and he made no small contribution to the happiness and success of his pupils, and to the fame of his country. 
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OBITUARY NOTICES. 


“ALFRED CLAY ABRAHAM. 
1853—1942. 


ALFRED CLay ABRAHAM died at Ormskirk after a brief illness on March 7th, 1942, aged 89. He was the son of 
John Abraham, one of the founders of Clay and Abraham, Ltd., Liverpool, and was actively connected with 
the firm for 57 years, being Managing Director from 1911 until his retirement in 1928. 

He was educated at the Liverpool Institute and then spent a Winter and Summer Session at the University 
of Edinburgh. After a course of study at the Laboratories of the Pharmaceutical Society, he passed the 
“ Minor ”’ in 1876, and the “ Major ”’ in 1878, and gained the Society’s Bronze Medal for nner cn in chemistry 
and pharmacy. 

He was elected a Fellow of the Society in March, 1883, and a Fellow of the Institute of Chemistry i in 1888. 
He served for several years as a member of the council of the Pharmaceutical Society and on the British Pharma- 
ceutical Conference Formulary Committee, from its inception in 1886 until the work was taken over by the 
Pharmaceutical Society. In 1881, he was Honorary Secretary of the Liverpool Chemists Association, and later 
served two years as President. 

Abraham published over 40 papers, most of them in the Pharmaceutical J ournal. The writer collaborated 
with him in an investigation on the loss of morphine during the storage of opium. The results were published 
in the Pharmaceutical Journal, 1922, 1923, and 1926. 

By the passing of A. C. Abraham, pharmacy has | lost one of its great men. His only recreation was golf, 
but he was a great reader. 

His wife predeceased him in 1930, and he is survived by two sons and two daughters, 16 grandchildren, and 
2 great-grandchildren. 


Joun Rag. 


ARTHUR GEAKE. 
_ 1891—1941. 


ARTHUR GEAKE was a scholar at the Old Merchant Vaiineiiid College i in Bristol, and graduated in 1910 
from the honours school of chemistry in the then newly-founded University of Bristol. For a few quiet 
_years before 1914 he was engaged in post-graduate research work at Bristol, for part of that time as 
research chemist to the Board of Agriculture and Fisheries. He was in the Territorial Army in September, 
1914, and was on active service in France with the Royal Warwickshire Regiment by the spring of 1915. 
Like many of his generation of chemists, he was later transferred to the Special Brigade of the Royal 
Engineers, and still later recalled for work under the Ministry of Munitions. His subsequent career was 
in chemical industry—with the British Dyestuffs Corporation, the British Cyanides Company, and for 
the last nineteen years at the Shirley Institute with the British Cotton Industry Research Association. 
He served in the Home Guard in 1940, and during the course of his duties contracted a chill from the 
eflects of which he never completely recovered. He continued working, often under conditions of severe 
physical strain, and some of his most interesting work was done at this time. He died on December 

19th, 1941, ° 

The course of his work can be traced in‘a score of communicatidhs on which his name e appears in 
scientific and technical journals. The most remarkable feature of the record is its versatility. His 
first publication was ‘‘ An Enquiry into Factors which affect the Texture of Cheddar Cheese,’’ one of his 
last “‘ New Forms of Electrode Equations for the Analysis of Redox Titration Curves,” and of both he 
was the sole author. Between these appear such varied titles as “‘ The Constitution of Tannin,” “‘ The 
Study of Towers for the Absorption of Nitrous Gases,” “‘ The Measurement of the Fluidity. of Cotton in 
lO Epes Solution,” and “ Patterns produced in Stocking Fabfics by Periodic Variations in 

arns. 

The practical problems of industry do not fit easily into the convenient academic divisions and sub- 
divisions of natural science, and Geake was a very successful industrial chemist because he was’ no » 
specialist. Nevertheless, he continually sought opportunities in the analysis of practical problems for 
the application of modern trends in scientific thought, or specialised methods of experimental technique, 
and he possessed in a high degree the capacity for maintaining a fresh and critical outlook whilst engaged 
in work that could otherwise degenerate into an empirical routine. This is well illustrated by his last 
series of five papers—published in the Transactions of the Faraday Society—which dealt with electron 
processes involved i in the equilibrium between reduced and oxidised forms of anthraquinone derivatives. 

~ 
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The work was directly suggested by a study of the very practical problems involved in the bleaching of 
the ground fabric in shirting materials containing coloured stripes made from vat-dyed yarns. 

The man himself was inspired by honesty of thought, by an acute sense of duty, and by an unswerving 
loyalty to those for and with whom he worked. He was a Fellow of the Society (elected on May 2nd, 
1918), a member of the Society of Chemical Industry, and an associate of the Institute of Chemistry, and 
he assiduously supported the professional organisations by a regular attendance at local meetings, and a 
willingness to share in all activities contributing to the welfare and benefit of the chemical profession, 

The friends and colleagues of Arthur Geake at the Shirley Institute, and in the professional circles 
where he was active, mourn his loss. His life was true to his principles, and his life’s an is good. 

. CLIBBENs, 


ANDREW McKEOWN. 
Born April 12th, 1900; died September 5th, 1940. 


A CAREER of great promise was cut short with tragic suddenness by the death through enemy action of 
Dr. Andrew McKeown. 

McKeown Was an Ulsterman, and after a brilliant undergraduate period at the Queen’s University, Belfast, 
he came to England where he carried out research in physical chemistry at Liverpool and for a short period 
with Professor Donnan at University College, London. He was subsequently appointed on the staff of the 
Physical Chemistry Department of the University of Liverpool, a position which he held for nineteeh years, 
During this period he showed himself to be a keen research worker of original and independent outlook. His 
work belonged largely to the field of chemical kinetics, including photokinetics, in which he collaborated with 
his colleague Dr. R. O. Griffith and with a series of research students. In spite of the handicap of indifferent 
health he pursued this work, as well as his teaching duties, with ardour and fidelity. Probably his most out- 
standing contribution to the field of physical chemistry was the publication, along with Dr. Griffith, of their 
well-known work on Photo-processes published in the Ramsay-series of Textbooks. 

He leaves a widow, to whom we would express our sincere sympathy. 

McKeown was elected a Fellow of the Society on May 20th, 1926. 

W. C. M. Lewis. 


JAMES ALEXANDER POND. 
1845—1941. 


JaMEs ALEXANDER Ponp died on June 8th, 1941, at Auckland, New Zealand, at the age of 96. He left England 
for New Zealand in 1865. The Maori War was in progress and Pond enlisted in the Rifles. Later he established 
a pharmacy in Auckland and also an analytical laboratory, holding the position of Government Analyst for 
Auckland province, 1882—1911. His professional interests included petroleum, brewing, gold-mining and 
assaying, agricultural and botanical work. He was the oldest member of the New Zealand Royal Society, of 
which he was President over 50 yearsago. He took an active interest in the development of the tung oil industry 
in this country. Following his retirement some yéars ago, he equipped a laboratory at his home for research, 
and his garden contained tung trees, a large-leafed variety of clover from Poland, and a special type of thin- 
skinned white onion. His work in New Zealand covered many fields, it ‘was always well carried out, and he 
rendered great assistance to the fagming community in the earlier days. He never lost his*lové for scientific 
work, and to the last was engaged on research. He was a member of the Chemical Sdeiety, the Society of Public 
Analysts, and the New Zealand Institute of Chemistry. He was elected a Fellow on December 4th, 1890. 

J. PARKER. 
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